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SUMMARY

Emerging satellite designs require increasing amounts of electrical power to operate spacecraft instruments and to provide
environments suitable for human habitation. In the past, electrical power has been generated by covering rigid “*honeycomb’’
panels with solar cells. This technology results in unacceptable weight and volume penalties when large amounts of power are
required.

To fill the need for large-area, lightweight solar arrays, Lockheed Missiles & Space Company, Inc. (LMSC), has developed a
fabrication technique in which solar cells are attached to a copper printed circuit laminated to a plastic sheet. The result is a
flexible solar array with ong-tenth the stowed volume and one-third the weight of comparably sized rigid arrays. An automated
welding process developed to attach the cells to the printed circuit guarantees repeatable welds that are more tolerant of severe
environments than conventional soldered conncctions.

To demonstrate the flight readiness of this technology, the Solar Array Flight Experiment (SAFE) was developed under
contract to NASA Marshall Space Flight Center (MSFC) and flown on the space shuttle Discovery in September 1984. The SAFE
wing had 84 panels and, when fully extended, was 13.5 feet wide and over 100 feet long. To reduce costs, only one of the 84 panels
was fully populated with active solar cells.

While in orbit the array was extended and retracted four times over a three-day period. While the array was extended, the
\_ orbiter Vernier Reaction Control System (VRCS) thrusters were fired in a programmed fashion on 14 occasions so that the
dynamic behavior of this large space structure could be evaluated.

The tests showed the modes and frequencies of the array to be very close to preflight predictions. Structural damping, however,
was higher than anticipated. Electrical performance of the active solar panel was also tested. The power output of the panel while
on orbit matched that measured in preflight tests. On return to Earth, the power output was found to be unchanged and the cells
undamaged by the flight environments. Thus, the flight test of the array was a complete success.

This report describes the flight performance and postflight data evaluation. It is submitted to NASA-MSFC by L.MSC in
partial fulfillment of the requirements of contract NAS 8-31352.
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Section 1
INTRODUCTION

1.1 MISSTON OBJECTIVES

In September 1984, the Solar Array Flight Experiment
(SAFF) was carried into orbit on Shuttle mission STS-41D.
The SAFE was a large-area, lightweight solar array wing
capable of being populated with enough solar cells to produce
more than 12.5 kilowatts of power. Over a three-day period,
numerous fests were performed on the wing to demonstrate
the readiness of large-area, lightweight, solar array technol-
ogy. The specific objectives of the tests on the SAFE were:

\__1. Todemonstrate the deployment, retraction, and restowage

of the array
b. To measure the dynamic behavior of a large, flevible space
structure
To measure the on-orbit electrical and thermal perfor-
mance of the array

“

The SAFE mission was a success, and this final report
Jescribes the results of flight operations and postihight tests
and analysis.

L2 EXPERIMENT DESCRIPTION

The SAFE wing assembly is shown deployed from the orbi-
ter cargo bay in Fig. 1-1. The axis system shown in this figure
15 used exclusively in ghis report. The components of the
SAFE wing assembly are shown in Fig. 1-2. Dimensions of
the stowed array are shown in Fig. 1-3 and dimensions ol the
array deployed to the 70- and 100-percent positions are shown
in Figs. T-4 and 1-5, respectively. The mass properties shown
in these figures are summarized in Table 1-1.

Fhe principal component of the SAFE hardware is the
Manket, 13.5 feet wide by 101 feet ong, made of two 1.O-mil
sheets of Kapton with a copper printed circuit laminated
between them. The Blanket comprises 84 pancels that fold Tike

n accordion when stowed. When extended, the panels fornta
flat surface with the sofar cells mounted onone side, The cells
are attached to the blanket by welding them to the copper

printed circuit through properly placed holes in the Kapton.
The printed circuit connects the cells in series and in parallel
strings to achieve the desired current and voltage output. A
cross-section view of an active solar cell attached to the blan-
ket is shown in Fig. 1-6.

On the SAFE wing, only the third panel from the wing tip

“was completely covered with active solar cells. One half con-

tained cells that measure 2 x 4 ¢m, and the other half con-
tained cells that measure 5.9 x 5.9 ¢m. Except for a small
patch of very thin 2 x 2 cm cells on the outermost panel, the
remainder of the blanket was covered with glass and alumi-
num platelets that simulated the weight and thickness of
active solar cells. These simulators were used to save cost on
the experiment.

The solar array blanket is extended and retracted by o coil-
able fiberglass mast that attaches through a rigid cover to the
outermost panel of the blanket. The mast consists of three
fiberglass longcron members, cach continuous over the length
of the mast. At nine-inch stations along their length, the lon-
gerons are connected by a triangle of fiberglass batten mem-
bers. Three pairs of stranded stainless steel diagonal wires
connect the intersections of the batiens and longerons
between adjacent stations. Rollers are located at the outside
ot all three longerons at cach station location. The mast is
initially stowed by coiling it in torsion and placing it in the
bortom of the stowage canister. Extension is caused by the
action of a motor-driven rotating section on the upper end of
the stowage canister. The rotating section has internal threads
that engage the rollers on the longerons. As the section
rotates, the rollers are pulled up through the threads of the
rotating nut, and the coiled longerans are allowed to
straighten. The configuration of the canister, rotating sec-
tion, and longerons is shown in Fig. 1-7. Reversing the rota-
tion of the threaded section drives the rollers back into the
canister, causing the longerons to resume their coiled
configuration.

When the blanket is fully stowed, the panels are folded
within a containment hox. [he cover of the containment box
applics a preload foree to prevent the panchs from shifting
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Table 1-1

SAFE WEIGHT SUMMARY

Weight

Cqmponents (1b)
Experiment Total 940.0
Support Structure & Separation System 270.0
Separable Wing Assembly 670.0
Blanket 303.0
Panels 280.5
Harness 18.5
Tension Bars 4.0
Container ' 90.5
Base Hardware 43.5

— Tension System 18.5
Latch System 16.0
Support Struts 9.0

Cover 27.0

Tip Hardware 32.0
Latch System 22,0

Tip Fitting 10.0

Mast 122.0
Boom 45.0
Canister 49.0

Drive 25.0

Lock 3.0
Jettison Capability ' 34.0
Grapple s 21.0
Grapple Fitting 7.0

Rear Support 6.0

Wires & Connectors ' 7.0
Misc. Fasteners & Adhesives 11.0

Tahle 1-1 SAFE WEIGHT SUMMARY
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about inside the container. In the first few inches of exten-
sion, the mast unlatches the cover of the containment box and
releases the preload force on the panels. Continued mast
extension causes the box cover and outermost pancls to be
pulled out of the containment box. The motion of the box
cover also pulls out guide wires which pass through grommets
at alternate panel hing: lines. The guide wires are tensioned
by negator assemblies in the bottom of the containment box.
These wires restrict out-of-plane motion of the blanket until,
at the 70-percent-deployed position, a tension bar applies a
pull force on the deployed panels to hold them flat. Contin-
ued mast extension causes the remainder of the pancls to exit
the containment box. These pancls are held flat by a force
applied to the blanket at the 100-percent position by a second

Tswrﬁwmm‘@wfamgg POOR. QUALPTY, - e e e s ST T ST e

tension bar. Upon retraction, small springs at the pancl hinge
lines cause the panels to refold in the proper direction. The
lower 30 percent of the panels fold into the containment box
first, followed by the upper 70 percent. Upon reaching the
fully stowed position, the mast causes the box cover to latch
in place with a preload force applied to the pancls.

The SAFE wing is attached to the side of a support struc-
ture, and the support structure is attached to a truss within
the orbiter cargo bay. Special release fittings on the support
structure permit the SAFE wing to be separated from the sup-
port structure in the event of an on-orbit malfunction. A
grapple fitting is provided so that the separated structure can
be mancuvered away from the orbiter by the remote
manipulator arm.
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Also mounted on the support structure is the Data Acquisi-
tion System (DAS) box. The DAS box not only processes the
instrumentation data for recording but also is the primary
electrical interface between the orbiter and the SAFE wing. A
schematic showing the interaction of the DAS box with the
orbiter and the SAFE wing is shown in Fig. 1-8. The tape
recorder used to record the instrumentation data processed by
the DAS is a Mark V-Type 4200 produced by Lockheed Elec-
tronics Corporation.
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Section 2
FLIGHT PERFORMANCE AND DATA EVALUATION

Flight testing of the SAFE was performed on September I,
2, and 3, 1984. During this time, 31 tests were performed.
These included extension/retraction tests, Dynamics Aug-
mentation Experiment (DAE) dynamics tests, photogramme-

lynamics tests, and solar cell performance tests. During
hse tests, data in the form of temperatures, mast-base and
mast-tip accelerations, current and voltage produced by the
solar cells, current used by the mast motors, and various
other electrical signals were recorded by the tape recorder.
This data is evaluated and compared with analytical predic-
tions in the following subsections.

2.1 OPERATIONS PERFORMED ON ORBIT

The operations performed on orbit with the SAFE are
listed in Table 2-1 in the order they occurred. For conve-
nience, these operations are numbered according to the data
file number used by MSFC in transmitting the data. Also
listed in this table are the approximate Greenwich Mean Time
(GMT) and Mission Elapsed Time (MET) for the start of cach
operation. Throughout this report, the operations performed
on the experiment will be referenced according to the number
listed in this table. Numerical designators on data files refer
to operations listed in the table with the same numerical desig-
nator. Also, if the GMT or MET of interest is known, the
operation in progess at the time can be determined from
the table.

? 7 OBSERVED PERFORMANCE ON ORBIT
In addition to the traditional data collected from instru-
ments, many of the operations performed on the wing assem-

-

2-2

bly were recorded on video tape and downlinked to the per-
sonnel at the mission support center. Also, the crew
contributed many of their observations during air-to-ground
transmissions. A significant contribution by the crew was the
realtime monitoring of mast-tip motion with the Nikon cam-
era and 500-mm lens during the daylight dynamics tests. Fur-
thermore, a subset of the instrumentation data was periodi-
cally displayed in realtime to ground support personnel. A
summary of the array behavior based on these information
sources alone is presented in the following paragraphs. Oaly
observed behavior is reported here; discussion and explana-
tion of the behavior is delayed until Section 2.4.

During the first extension of the array from the stowed
position to 70-percent extended (operation 2), sticking
between adjacent panels caused nonuniform unfolding
motion of the blanket. This sticking was also observed in the
lower 30 percent of the panels in the first extension from
the 70-percent position to the 100-percent position (opera-
tion 16). In all subsequent extensions, the pancls unfolded in
a uniform, accordion fashion. The sticking had previously

been observed in ground test, but the motion was more dra-

matic in the flight zero-g environment. At no time did the
sticking cause an operational problem or threaten successful
array extension. Motor current during all extensions and
retractions compared closely with that measured during
ground test,

When deployed to the 70-percent position, the array
appeared to be slightly but uniformly twisted. The twist was
such that the starboard edge of the blanket was farther from
the crew cabin than the port edge. This twist appeared cssen-
tially constant throughout the mission.

Panct oscillation was observed during the ast 15 or 20 feet
of the array-retraction events, The crew reported a similar
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Table 2-1 SUMMARY OF SAFE OPERATIONS

File Operation GMT MET
1 Unlock Mast 245:16:41:34 2:03:59:43
2 1st Extension 245:17:34:43 2:04:52:52
3 1st Retraction 245:17:59: 39 2:05:17: 48
4 2nd Extension 245:19:04:52 2:06:23:01
5 SAE Dyn 70% O/P 245:19:25:27 2:06:43:36
6 DAE Dyn 70% O/P 245:20:13:27 2:07:31:36
7 2nd Retraction 245:20: 48: 45 2:08:06:54
8 3rd Extension 246:10:40:07 2:21:58:16
9 Solar Cell Modules 246:11:27:54 2:22:46:03
10 SAE Dyn 70% M/M 246:13:29:27 3:00:47:36
11 DAE Dyn 70% M/M 246:14:21:55 3:01:40:04
12 SAE Dyn 705 O/P 246:15:00:26 3:02:18:35
13 DAE Dyn 70% 1/P 246:15:52:32 3:03:10: 41
~ 14 SAE Dyn 70% M/M 246:16:30:22 3:03:48:31
15 DAE Dyn 70% M/M 2468:17:23: 04 3:04:41:13
16 1st Extension to 100% 246:17:53:12 3:05:11:21
17 SAE Dyn 100% O/P 246:18:06:29 3:05:24:38
18 1st Retract 100% to 70% 246:18:18:42 3:05:36:51
19 2nd Extension to 100% 246:19:16:58 3:06:35:07
20 SAE Dyn 100% M/M 246:19:31:29 3:06:49: 38
21 2nd Retract 100% to 70% 246:19:47:19 3:07:05:28
22 Retract 70% to 0% 246:19:54: 28 3:07:12:37
23 4th Extension 247:14:37:135 4:01:55:24
© 24 Solar Cell Modules 247:14:49:58 4:02:08: 07
25 Solar Cell Modules 247:15:39: 15 4:02:57:24
26 DAE Dyn 70% M/M 247:16:02:11 4:03:20:20
27 SAE Dyn 70% M/M 247:16:37:24 4:03:55:33
28 DAE Dyn 70% L/P 247:17.32:39 4:04:50:48
29 SAFE Dyn 70% 1 /P 247:18:07:22 4:05:25:31
30 Last Retraction 247:18:19:19 4:05:37:28
~ 31 Lock Mast 247:19:50: 09 4:07:08:18
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-illation shortly after the start of retraction from the
~iy-percent position, but this observation was not included in
the downlinked video tape coverage. The panel oscillation
during the last 15 or 20 feet of retraction began small and then
grew until the panels were nearly slapping each other in an
“accordion” mode. No similar motion was observed during
extension events. As with the panel sticking behavior, the
panel oscillation caused no operational problems and no
abnormal motor-current usage.

With the array extended to the 70-percent position, the
crew reported that the blanket curved about its fongitudinal
axis (about the mast) after coming out of the darkness. The
curvature was such that the edges of the blanket were closer to
the crew cabin than was the center of the blanket. The orbiter
was in a tail-to-Earth attitude at the time of this report. After
approximately ten minutes in the daylight in this attitude, the
crew reported that the blanket had flattened out. The crew
observed the curvature during the darkness by using a flash-
light and turning on the cargo bay lights. This behavior, cury-
ing in the darkness and flattening in the daylight, was
repeated for each orbit while in the tail-to-Earth attitude.

Later in the mission, when the orbiter was oriented with its
1ail to the sun for the solar cell performance test, the blanket
remained curved for the entire daylight portion of the orbit.
In this attitude, the curvature appeared more severe than

sserved earlier. In no case did the blanket curvature impair

“~ie deployed array performance or the panel folding behavior
during extension or retraction.

In general, the array-tip displacements during dynamic
tests were smaller than the values computed in preflight anal-
ysis. This difference was desirable since the flight rules would
not permit mancuvering the orbiter with the array extended
unless preflight predictions were verified to be accurate or
conservative. That measured deflections were smaller than
computed deflections was not surprising since the compu-
tations were performed using 0.5 percent modal damping to
be conservative in mast longeron load predictions. For the
out-of-plane tests, the measured and computed tip displace-
ments matched more closely than for the in-plane or multi-
modal tests.

W hile the magnitude of the tip deflections was adequate for
verification of the dynamic models, larger tip deflections with
more cycles of motion in the free decay period were desired
for enhanced demonstration of the capabilities of the DAE
and photogrammetric measurement systems. Therefore, the
programmed thruster firings for operations 26, 27, 28, and 29
were modified to produce a 50-percent increase in tip dis-
placement as predicted with a response model using 0.5 per-
cent modal damping. These changes to the thruster firings did
not produce the desired increase in tip displacements. The

-asured peak displacements were no larger, and in some

Ndses smaller, than those measured in the previous tests.

Temperatures for the monitored components remained well

within their operational limits throughout the flight. Motor
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temperatures during the extension and retraction events were
normally in the +20°F to + 30°F range. The tape recorder
also stayed in this general temperature range most of the time.
The heaters for the motors and tape recorder came on several
times during one short period of the flight. The heaters for
the DAS box were never active because the box remained near
+40°F for the entire flight.

The retraction of the mast from the soft-stop position to
the hard-retract position was perf yrmed in operation 1. This
cvent went smoothly, and peak motor current was somewhat
less than measured in ground test. The microswitch signals
indicated that the mast and locking levers were in the stowed
position and ready for landing.

2.3 DESCRIPTION OF DATA

A large quantity of data from a variety of sources has been
received for evaluating the flight performance of the SAFE.
Much of this data has been carefully scrutinized. Other data
sets were intended primarily as diagnostic tools, and, since no
operational problems were encountered, these have received
litt! attention. Listed in this subsection are the data sets
received by LMSC for evaluating the experiment perfor-
mance. Absent from this list are data from the DAE or the
photogrammetric experiments. Although there has been some
verbal communication with the Principal Investigators for
these experiments and some preliminary reports have been
exchanged, the integration of the LMSC data evaluation with
the DAE and photogrammctric data is the responsibility of
MSFC. Their summary report will be issued separately.

Visual data consist of the following:

Color positives, 35 mm, of exposures taken with the Nikon
camera and 500-mm lens for the first ¢ynamics test at
70-percent extension (operation 5) and the first dynamics
test at 10Q0-percent extension (operation 17): sixty-four
evnosures for cach test at two-second intervals at the
70-percent position and at four-sccond intervals at the
100-percent position

Twenty-eight video tapes from the orbiter video cameras in
the cargo bay, cach tape approximately 20 to 30 minutes in
duration

Two video tapes of the downlinked video coverage

Color prints from a 70-mm Hassleblad camera
Accelerometer data consist of the following:

o Plots of acceleration versus time for the three base acceler-
ometers and three tip acceleremeters during cach extension,
retraction, and dynamics test
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s panded scale plots of acceleration versus time for the
~...ree base and three tip accelerometers during the period of
the forcing function for cach dynamics test

¢ Power Spectral Densitics (PSDs) of the acceleration data
from the tip accelerometers during each accelerometer test
* Base motion acceleration of the orbiter for the firing of

each of the vernier thrusters used in the dynamics tests

¢ Firing time and duration data for cach of the vernier chrust-
ers used in the dynamics tests

Temperature data consist of the following:

* Plots of temperature versus time for each of the three
groups of solar cells during each performance test

® Plots of temperature versus time for the container cover,
mator 1, motor 2, the DAS box, and tape recorder for each
extension, retraction, dynamics test, and solar cell perfor-
mance test

Electrical data consist of the following:

e Current versus voltage plots for each of the three groups of
ar cells during each performance test

e Plots of motor current versus time f. r each extension and
retraction event and PSDs of these plots

o Plots of voltage versus time for the + 12V, -15V, Gnd,
+5V, + 15V, 28V Pri, and 28V Aux during each extension,
retraction, and dynamics test

o Listing of the discrete signal values

Miscellaneous data consist of the following:

¢ Flight operations log
& Video t7pe log

e Computer listing of orbiter attitude parameters during the
flight

2.4 COMPARISON OF FLIGHT DATA AND
ANALYTICAL PREDICTIONS

Reconciliation of flight data with analytical predictionsis a
fundamental objective of this report. Explanations for nearly
al' "ifferences between the flight behaxior and preflight
en__tations have been developed from the postilight testing
and data analysis. These explanations are contained in the
following subsections.

2.4.1 Wing Fxtension and Retraction Behavior

As mentioned in Section 2.2, sticking between adjacent
panels caused nonuniform unfolding of the panels during the
first extension from stowed to the 70-percent position and
during the first extension from the 70-percent to the
100-percent position. This sticking behavior had previously
been observed in ground test. It is caused by trace amounts of
stray adhesive, most likely Isotac transfer adhesive, used
extensively in the construction of the blanket. The adhesive is
only 0.5-mil thick and nearly clear so that trace amounts are
very difficult to locate and remove. Since the blanket was
stowed for approximately eight months before flight with a
3000-pound preload applied, the adhesive had opportunity to
stick adjacent panels together. The zero-g environment of
flight caused more dramatic unfolding irregularities than in
ground test, but at no time did the irregularities cause any
operational problems. Since the full preload was never reap-
plied until the last retraction event, the extensions following
the first extension to 70 percent and the first extension from
70 percent to 100 percent exhibited no sticking. In these exten-
sions, the panel motion was regular and accordion-like.

The panel motion in the retraction events was well behaved
except for an oscillation that began developing when the mast
was extended 15 to 20 feet. The oscillation grew in magnitude
as retraction continued and then decreased near the soft-stop
position. The oscillation appeared to be an excitation of a
local “‘accordion mode’’ such that adjacent panels almost
slapped one another at the peak of the excitation. The crew
reported a similar oscillation shortly after starting to retract
from the 70-percent position. Evaluation of the video tapes
showing the oscillation near the end of retraction indi-
cates that the frequency of oscillation was approximately
0.75 hertz. This estimate is confirmed by PSDs of the tip
accelerometers and the motor current during the retraction
events which show a frequency at 0.70 to 0.73 hertz. The fre-
quency was further confirmed by directing a video camera at
the base of the mast canister during the postflight extension
and retraction test. The conditions for this test are not identi-
cal to flight: in the test setup, the blanket centerline is con-
strained to a straight line and the mast canister is free to
pivot, but, in flight, the canister is fixed to the orbiter and the
blanket is unrestraincd. Nevertheless, the “nodding” fre-
quency of the canister was measured at 0.69 hertz in the tests,
and this motion almost certainly caused the oscillation
obse¢rved in flight.

To further understand the oscillation, the frequency of the
first three modes of the partially deployed mast were com-
puted by ignoring the mass of the deployed mast and blanket.
This computation results in 2 model that is basically a mass-
less beam with the tip mass and incrtia of the contain-
ment box cover. The resulty of this evaluation are shown in
Fig. 2-1. As seen in this figure, both the in-planc and out-of-
plane modes have frequencies near the observed oscillation
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frequency when the deployed length is 20 feet. If the calcula-
tions were refined 1o include the mass of the deployed mast
and a portioa of the deployed blanket mass, the frequency
curves would all be slightly towered in this figure.

The most likely source of the disturbance causing the
observed oscillation is the motion of the rotating nut assem-
bly. One might expect the frequency at which the longeron
rollers exit the rotating nut to match the frequency of oscilla-
tion. This match seemy likely since a very small amount of
mast deformation accompanies the release of a longeron
roller. However, this disturbance frequency is 0.17 hertz,
and, therefore, not close to the frequency of the observed
oscillation. Since it takes four turns of the rotating nut to
release each set of longeron rollers, the rotational frequency
of the rotating nut is 0.68 hertz, which matches closely the
frequency of the observed oscillation. Thus, the panel oscilla-
tion seems to he caused by a resonance, occurring during the
last 20 feet of retraction, between the rotational frequency of
the rotating nut and the cantilevered mast modes The distur-
bances in the mast excited the several most outboard panels of
the array causing the observed panel oscillation.

The fact that this oscillation was greatly diminished during
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extension may be due to differences in panel groupings
between extension and retraction. Another difference
between the extension and retraction ¢vents is that, during
retraction, strain cnergy is being stored in the mast as it enters
the canister, whereas, during extension, strain energy is being
released from the mast as it exits the canister. The oscillation
observed shortly after starting retraction from the 70-percent
position occurred most likely at another resonance position.
For instance, the frequency of the cantilevered mast is
approximately 0.17 hertz at a deployed length of 56 feet,
which does match the frequency at which longeron rollers exit
the canister.

The times required for the motors to extend and retract the
mast during the flight are shown in Tat (e 2-2, as are the times
as measured in the preflight and postilight tests. The time
required to go back and forth from the fully stowed position
to the soft-stop position is not listed in the comparison since
the allowable range of soft-stop positions is a significant part
of the total mast travel for these events. The results that are
lizted in this figure show that the mas: extension and retrac-
tion rate during flight was somewhat faster than the pre- and
postflight ground tests. This difference is due to the fac that

5.0
4.0} QUT-OF-PLANE MODE
~N
I 3.0f IN-PLANE MODE
>
@]
4
w
3 2.0 TORSION MODE OBSERVED OSCILLATION
cuz, FREQUENCY - 0.7 Hz
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Fig. 2-1 Muast Frequencies During Final Position of Retraction Fvent

ORIGINAL PAGE 13

—

OF POOR QuALrry




SOAr Array Flignt L xXperiament

P T T 5 A T 0+ T T - S Y S o T e e i T IR e 1 T I SRR T TN
orbiter voltage during flight averaged 30.6 volts, whereas all throughout the flight, almost as if the drive system were

~ round tests were conducted at 28.0 volts. Acceptance tests “‘wearing in.”’ No explanation for this behavior is known.
“performed on the mast alone showed that the extension and The motor current used by the two motors that extend and
retraction rate is nearly linear with voltage. [t is interesting to retract the mast is summarized in Table 2-3. The current pro-
note that both the extension and retraction rates increased files for the mast nut unlock and mast nut lock cvents are

Table 2-2 SUMMARY OF EXTENSION/RETRACTION TIME

Average Times (seconds)'
Flight Preflight Postflight
Extension from 533 582 596
Soft Stop to 70%
Extension from 221 226 236
70% to 100%
Retraction from 199 221 222
100% to 70%
Retraction from 523 569 567
i 70% to Soft Stop

Table 2-3 SUMMARY OF MOTOR CURRENT USAGE
N

Operation Number Average /Peak Average
Number Event Description ) Motor Current Voltage
1 Mast Nut Unlock 2 4.9/7.3* 31.0
2 First Extension, 70% 2 3.5 30.7
3 First Retraction 1 4.7 30.8
i Second Extension, 70% 2 4.7 30.7
7 Sccond Retraction 1 4.1 30.7
8 Third Extension, 70% 2 1.2 30.7
16 Extend to 100% 2 6.5 30.9
18 Retract to 70% 1 3.7 30.7
19 Extend to 100% 2 5.9 30.8
21 Retract to 70% 1 3.4 J0. 4
22 Retract 1 3.2 30.3
23 Extend to 70% 2 3.8 . 30.2
30 Retract 1 3.8 ' 30.4
31 Mast Nut Lock 1 6.5/11,9* -
Flight Current [Preflight Current| Postflight Current
(A) (1 \)
Motor 2, Avg/Peak, Stowed to Soft Stop 4.9/7.3 4.8/7.1 4.7/6.0
Motor 2, Avy, Stowed to 70% 4.6 3.3 3.2
Motor 2, Avy, 70% to 1005 6.2 3.5 3.4
Motor 1, Avyg, 1007 to 70% 3.6 3.2 3.1
Motor 1, Avyg., 705 to Soft Stop 4.0 3.0 3.2
1- Motor |, Avg/Peak, Soft Stop to Stowed 6.5/11.9 7.3/11.5 7.2/11,4
*See Figures 2 2 and 2 3 for current profile.
! - CKIGINAL PACT IS
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shown in Fig, 2:2 and 2-3, respectively. For these iwo events,
the current usage during flight and that during ground test
match closely. For the remainder of the extensions and retrac-
tions, the current usage in flight is shightly higher than in
ground test. The most likely cause for the current increase
relative 1o ground tests is the higher operating voltage, as dis-
cussed in the previous paragraph. Also, the blanket tension
loads are reacted Jifferently in flight than in ground test. In
flight, the moment in the mast due to the offset tension loads
causes the mast to bend and produces reaction foads on the
longeron pivot fittings where the mast enters the canister,
These loads increase the motor current required to drive the

mast. During ground test, the mast support system reacts a
portion of the moment loads so that the full moment load is
not reacted by the longeron pivot fittings. Thus, the moment
at the mast base during ground test is reduced from the flight
condition. The net current usage depends not only on the
bending moment at the base of the mast but also on the work
being done by the motors on the tension system during exten-
sion and by the tension system on the motors during retrac-
tion. Therefore, the current values vary among the extensions
to the 70-percent position, the extensions from the 70-percent
1o the [00-percent position, and the retractions over these
samie intervals. Considering the fact that the stall current
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Fig. 2.2 Motor Current Usage During Mast Nut Unlock (Fvent 1)
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¢ for cach motor is 25 amperes, the current variations
between flight and ground test are well within acceptable
levels,

2.4.2 Wing Twist Evaluation

While deployed on orhit, the SAFE wing exhibited a visu-
ally detectable twistover its length. The twist was constant for
the duration of the flight, and, because the twist had previ-
ously been obsenved in ground test, it s believed to be of man-
ufacturing rather than enyironmental origin,

The twist in the array is caused by a twist in the mast, and
the twist in the mast is caused by uncqual lengths of crossing
diagonal wires. When first constructed, the mast shape was
measured on a water table where the manufactured twist was

measured to be approximately four to six degrees. This twist
was reduced to less than one degree by selectively replacing
diagonals with others of slightly different tength. The success
of this effort demonstrated the sensitivity of mast twist to
diagonal length differences. Much later during electromag-
netic interference testing of the mast motors and drive elec-
tronics, the diagonals in the outermost bays of the mast were
damaged by overcycling that part of the mast. Followir a
thorough inspection, all diagonals in the outermost 16 feet of
the mast were replaced (126 diagonals), in addition to 11 diag-
onals distributed throughout the remainder of the mast. Due
to cost « nd schedule considerations, measurcment of the mast
twist was not repeated on a water table at this time.

[ ater when the mast and canister were attached to the con-
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Fig. 2-3 Motor Current Usage During Mast Hard Retract (Fvent 1)
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tamnu nt bov and installed in the horizontal deployment fix-
turg. a small amount of twist was evident in the outer bays of
the mast. Since this test fixture constrains the mast in torsion,
measurements of twist in the fixture are not meaningful. The
direction of twist was, however, the same as that in flight.
Calculations at that time predicted the mast twist to be
6.9 degrees or less. Since the Contract End Item Specifica-
tions for the mast permits ten degrees of mast twist, the
apparent inast twist was considered acceptable.

The array twist on orbit was measured with the DAE and
the photogrammetry measurement systems. The DAE mea-
surements were all taken at 70-percent extension at the sta-
tions shown in Fig. 2-4. Section AA represents the con'ain-
ment box cover; thus, the displacement of targets at this
station defines the twist of the array tip relative to the base.
The measurements for this station are shown in Fig. 2-5. By
scaling from this figure, the array twist is determined 1o be
7.4 degrees. MSFC has reported the twist 1o be 7.8 degrees,
and the photogrammetry data show similar results. Since no
DAE tosts were conducted at 100-percent extension, the only
source of twist measurement at this position will be the photo-
grammetry data system. At this time, the data for these twist
measurements have not been processed.

2.4.3 Panel Curvature Evaluation

Ax discussed in Section 2.2, the crew observed the array
blanket to be curved about the mast during the dark portion
of the + X[\ 1w o attitude (Fig. 2-27). After approximately
ten minutes in the daylight portion of an orbit in this attitude,
the blanket flattened out. This behavior was repeated for each
orbir in this attitude. Additionally, the blanket was curved
during the entire daylight portion of the + X attitude when
the solar celt performance test was being conducted. A photo-
graph of the curved panel is shown in Fig. 2-6. The pancl
curs ature, as measured with the DAE for the center section of
the blanket, is shown in Fig. 2-7. This measurement shows the
pancl edges to be approximately ten inches closer 1o the crew
cabin than the panel center. The panel curvature was greafest
near the midpoint of the blanket length (section €C in
Fig. 2-4)yand tapered off toward the blanket tip and base (sec-
tions BB and DD, respectively).

[ he obsenved panel curvature did not impair the clectrical
power-generating capahility of the deployed array or the
pane! folding behavior during extension and retraction. Nev-
crtheless, considerable effort has been expended 1o under-
vtand the cause of the panel cunvature. The desire for under-
standing the paned curvature is to predict its occurrence and
ev aluate its effects on future designs for farge solar arrays.
Stnce the panchs curved during the dark portion of the tal to-
CFarth attitude and Mattened out during the daylight portion
of the orbit, the possibility of relative thermal growth
berween different materials in the blanket i certanly o likely

cause of the panel curvature. However, this cause does not
explain the curvature observed during the entire daylight por-
tion of the solar inertial attitude. Nevertheless, a knowledge
of the blanket materials and construction is necessary 1o
understand the panel curvature.

MAST TIP
A — — —— A
B— — 4+ — —{l+ ——|—— 8B
C—m—+ ——IH=——]—¢C
pD——4+ ——|H——]——0D
MAST BASE

Fig. 24 Stations Jor DAL Measurements
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Fig. 2-7 DAE Measurements of Panel Curvature

Blanket Construction Details. Each panel contains a light-
weight frame member that disciplines the motion of the pan-
els during the extension and retraction events. The discipline
is most important during retraction when all the panels must
fold in an accordion fashion if they are to stow neatly within
the containment box. To ensure that the panels all fold in the
proper direction, leaf springs at the panel hinge lines apply a
small torque 1o the frame members of adjacent panels. The

panel hinges are of the ‘‘piano hinge” type. The alternate
hinge loops from each panel are produced by notching the
Kapton substrate every one inch, folding each tab over on
itself, and bonding it down. A small-diameter rod of S-Glass
epoxy is threaded through the alternate hinge loops from cach
panel 1o join them and complete the piano hinge.

Graphite cpoxy is used for the panel frame members
because its high modulus of elasticity permits the desired
frame stiffness to be achieved with relatively small frame
members. However, due to the high cost of fabricating graph-
ite epoxy frame members, only the outermost five pancls on
the blanket were fitted with frames made from graphite
cpoxy. The remaining 79 panels were fitted with frames made
from aluminum with dimensions that produce the same bend-
ing stiffness as the graphite cpoxy frames. For this reason, the
aluminum frames are considerably wider than the graphite
frames. _

Relative thermal growth between the S-glass epoxy hinge
rods and the Kapton hinge loops is accommodated because
the hinge rods are free to slide through the hinge loops in the

cross panel direction. Relative thermal growth between the
panel frames and the Kapton panels is accommodated by
attaching the frames to the panels with Kapton sleeves A
sketch of this concept is shown in Fig. 2-8.

Dimensions for the cross-panel frame members and sleeves
are shown in Fig. 2-9. For both types of frames, the sleeves
were oversized enough so that frame-to-sleeve clearance
would exist over the temperature range from - 240° to
+ 240°F. Since aluminum and VFapton have similar coeffi-
cients of thermal expansion, only 0.050 inch of clearance is
required between the Kapton sleeve and the aluminum frame.
Since Kapton and graphite epoxy have considerably different
coefficients of thermal expansion, a clearance of 0.265 inch is
required to accommodate the relative thermal growth.

Loss of Clearance Between Aluminum Frame Members and
Kapton Sleeves. Investigation of the panel curvature has
revealed a number of reasons to suggest that its probable
cause was loss of the nominal 0.050-inch gap between the alu-
minum frames and Kapton slecves.

The first reason is that, while the design was sized Tor rela-
tively large bulk temperature changes, it was not sized for
temperature differences between the aluminum and Kapton.
Frequently, conservative bulk temperature assumptions will
accommodate the growth caused by relative temperature dif-
ferences. This is not the case, however, when the coelfficients
of thermal expansion of the two matcrials are nearly equal,

“There is reason to believe that the aluminum frames actually

ran hotter than the Kapton sleeving material. Evidence of this

\
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Fig. 2-8 Sleeve Construction for Punel Frames
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Fig. 2-9 Panel Frame and Sleeve Dimensions




[ Omenum was demonstrated in the panel-curvature tests
to be discussed in a subsequent paragraph.

Another reason for the inadequacy of the 0.050-inch gap is
that Kapton increases dimension significantly with water
absorption. If a panel is manufactured in a humid environ-
ment and then placed into the vacuum of space, the Kapton
will contract as the moisture is released. Using a contraction
coefficient of 2.2 x 10 %in./in. per percent change in rela-
tive humidity, the half-panel contraction for a panel assem-
bled in a 50-gercent relative humidity environment would be
0.0825 inches. This contraction would eliminate the nominal
clearance of 0.050 inch between the cross-panel frume mem-
ber and the Kapton sleeve.

Kapton will also shrink as the residual stresses, caused
when the material is wound on rolls during manufacturing,
relax. These stresses are relieved the first time the material is
heated in a condition under which it is free to contract. In the
case of the SAFE panels, the ‘“‘machine direction” is the
13.5-foot dimension of the panel, so that any shrinkage
would contribute to a reduction in the frame-to-sleeve clear-
ance. This shrinkage should be approximately 0.040 inch over
the half-panel width.

An uncertain value for the coefficient of thermal expansion
for Kapton might also cause the 0.050-inch frame-to-sleeve
clearance to be inadequate. The value of 11 x 10 6 in./

°F shown in Fig. 2-8 was supplied by Dupont; however, a
Comsiderable range of values has been documented in the
literature.

Finally, the 0.050-inch gap between the aluminum frames
and Kapton slceves may have been inadequate because of the
difficulty in maintaining this tolerance over a 13.5-foot span
~ith bonded construction techniques. Any tension in the
panel at the time of bonding or any misalignment in the sleeve
segments would effectively reduce ‘he intended gap at one
location or another.

In conclusion, the gap between the aluminum frames and
the Kapton slceves was probably inadequate due to tempera-
ture uncertainties, shrinkage factors that were not realized as
significant, material property variations, and manufacturing
considerations. Because the aluminum frames are offset on
one side of the Kapton panel (the cell side), shrinkage of the
K'apton would cause the panel assembly to bend in a direction
that gives the frame members a larger radius of curvature
than the Kapton panel. This is exactly the direction of panel
curvature observed at all times during the flight test of the
experiment. Additional evidence that the panel curvature was
caused by inadequate gap between the aluminum frames and
Kapton sleeves was observed in the postflight curvature tests
performed on five of the flight panels.
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Panel Curvature Test. A panel-curvature test was performed
on flight panels 3 through 7 (as measured from the array tip)
by removing the panels from the blanket after the postflight
extension and retraction tests. Panels 3, 4, and 5 have graph-
ite epoxy frames, and panels 6 and 7 have aluminum frames.
The panels were oriented in a test fixture as shown in
Fig. 2-10. By selecting five panels, the panel weight produced
a tension at the upper hinge line nearly equal to the uniform
flight tension. Because the tests were to be exploratory, they
were performed in room ambient conditions where test vari-
ables could be easily changed. The intent of the tests was not
necessarily to reproduce the magnitude of flight curvature but
to produce some curvature and to determine the source of it.
Radiant lamps were used to heat the panels from the cell side,
from the back side, or from both sides simultaneously. The
lamps could be raised or lowered so that the heat could be
directed at the panels with aluminum frames or at the panels
with graphite epoxy frames. The frame temperatures were
monitored with thermocouples, and the upper tempcrature
limit was chosen as 176°F. This is the maximum solar cell
temperature observed during the flight.

A particularly sensitive pancl-support system was chosen
for the tests since extremely small external forces can produce
panel curvature and mask the intended curvature measure-
ments. The selected support method consisted of seven pairs
of styrofoam floats in two overhead water tanks as shown in
Fig. 2-11. The float pairs were connected by aluminum cross
beams, and a vertical rod from each cross beam picked up the
panel. A test in progress with the lamps lowered to illuminate
the panels with graphite epoxy frames is shown in Fig. 2-12.

Tests were first performed with all five panels hinged
together in the test fixture. The panels with aluminum frames
were heated from the cell side, from the back side, and from

_both sides simultancously. The same was done for the panels

with the graphite epoxy frames. Next, the pancls with the
graphite epoxy frames were separated from the panels with
the aluminum frarcs, and each group of panels was teted
separately.

In general, the curvature produced in the tests was consid-
erably less than the curvature observed in flight. At most
three or four inches of curvature were measured as opposed
to ten inches observed in flight. Nevertheless, some important
curvature trends were observed. Perhaps even more impor-
tant, close inspection of the panels showed that the most out-
board cross-panel frame members were no longer centered in
the Kapton sleeves even under ambient conditions. This was
true for both the panels with the aluminum frames and the
pancls with the graphite epoxy frames. For the panels with the
aluminum frames, the 0.050-inch gap on the outboard side
was completely climinated, and the frame members were
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Fig. 2-10 Panel Curvature Test Method
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“hard up’” against the sleeves, For the panels with the graph-
‘e epoxy frames, the gap on the inboard side was increased,

__ad the gap on the outboard side was reduced but not to the
point of climination. This observation is consistent with Kap-
ton’s tendency to shrink upon relief of manufacturing stresses
and/or humidity change. Inall cases when the pancels with the
aluminum frames were heated, the panels curved in the same
direction as in tlight. This was true whether the pancels were
heated from the cell side, the backside, or both sides. Relative
growth of the aluminum frames in the outboard direction rel-
ative to the Kapton panel was visually evident in these tests. IT
comvective heat transfer effects are ignored, this observation
indicates that the aluminum frame members operated at a
higher temperature than the Kapton substrate. When frame
insulation in the form of silverized fiberglass cloth was used
to block the direct radiative heat transfer from the lamps to
the frames, the pancls curved in the same direction but with
reduced magnitude. :

To gain additional evidence that the panel curvature was -

the result of interference between the aluminum frames and
the Kapton panel, 0.003-inch copper shims were shipped over
the outermost cross panel frame members. The shims effec-
tively increased the frame length, thereby worsening the situa-
tion vaused by the Kapton shrinkage. When the panels were
heated in this configuration, the resulting curvature was of a
magnitude larger than previously measured.

In summary, the panel curvature observed on orbit seems
to have been caused by an inadequate gap between the alumi-
num frames and Kapton sleeves. The major factors contribut-
ing to the inadequacy of the gap are Kapton shrinkage factors
not considered in the design and temperature differences
hetween the aluminum frames and the Kapton. The clevated
fram< temperature relative to the Kapton, when ¢combined
with inadequate gap due to Kapton shrinkage, caused the
pancls to curve in the direction observed in flight.

As a result of this investigation and set of tests, a list of
measures to be considered in future designs to eliminate panel
curvature has been formulated. These considerations are
listed in Fig. 2-13. In addition, the final design for future
applications should be subjected 10 a panel curvature test
performed in a thermal vacuum chamber to verify the design
adequacy.

e BE AWARE OF CURVATURE SENSITIVITY
* AVOID MATERIAL MISMATCH IN FRAMES

s DESIGN FOR FRAME TC KAPTON
TEMPERATURE DIFFERENCES

s DESIGN FOR ALL KAPTON SHRINKAGE
COEFFICIENTS AND/OR PRE-PROCESS
KAPTON

o LUBRICATE OR COAT FRAME MEMBERS

» INCREASE SLEEVE OVERLAP AT
ADHESIVE STRIP

s LUBRICATE OR COAT HINGE PINS,
CONSIDER ALUMINUM HINGE PINS

» ELIMINATE QOUTER CROSS PANEL SLEEVE.
CONSIDER SLEEVE REDUCTION IN
GENERAL

¢ INSPECT COMPLETED PANEL
ASSEMBLIES FOR FRAME FREEDOM

Lig 213 Potential Desivn Inprovements o
Floninare Panel Curvature
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2.4.4 Wing Dynamics Evaluation

~while the SAFE demonstrated the readiness of advanced
solar array technology, it was also important as a test bed for
large space structures. Motion data resulting from planned
firings of the orbiter thrusters have been collected, and these
flight data are compared with preflight analytical predictions
in the followingz paragraphs.

Data Sources. The principal instrumentation for the solar-
array dynamic response are six accelerometers, located as
shown in Fig. 2-14, providing acceleration time histories. The
output of these accelerometers was recorded each time the
thrusters of the VRCS were fired for a dynamics test. Data
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OF POOR QUALITY rccording continued throughout the free response period.

A secondary source of data on mast-tip motion are photo-
graphs of the mast tip ‘taken from the crew cabin with a
35-mm Nikon camera and 500-mm lens. This system allowed
the crew to montitor the mast-tip motion in realtime by way of
grid lines on the eye piece of the camcra. The system
functioned well, and the photographs taken at regular inter-
vals provided additional data at little expense.

These photographs were taken only during the first day-
light dynamics test at 70-percent extension and the first
daylight dynamics test at 100-percent extension. Sixty-four
frames of film were exposed in each case. The interval
between frames was two seconds at 70-percent extension and
four seconds at 100-percent extension. Typical frames from

i COVER X

X1 AT CENTER OF COVER (M

X2 AT END OF COVER

COVER X & Y

BASE Y & 2

REPORT AXIS

SYSTEM AS
SHOWN IN
FIG. 1-1

RMS GRAPPLE FIXTURE
(NOT ACCURATELY LOCATED)

Fig. 2-14 Accelerometer Locations
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the Nikon camera are shown in Figs. 2-15 and 2-16 for the

Wt extended to the 70-percent and 100-percent positions,

~respectively. ;

Although the camera was incorrectly focused at the 100-
percent position, the data can still be used by measuring
motion to the apparent center of the mast-tip target. The
motion of the mast tip versus time is an independent piece of
data that can be compared with the mast-tip time histories
derived from the second integral of the accelerometer data.

Orbiter Thruster Performance. The four VRCS thrusters that
produced the planned cxperiment disturbances are shown in
Fig. 2-17. The theoretical orbiter accelerations produced at
the base of the experiment by firing each of the thrusters are
shown in Table 2-4. When more than one thruster is firing,
the accelerations must be superimposed to arrive at the net
accelerations at the base of the mast. These accelerations,
combined with a knowledge of the thruster firing-time histo-
ries, determine the base motion accelerations for input into
the dynamic model of the array. The planned thruster firing-
time histories are listed in Table 2-5. In all cases, it was
intended that the firing be preceded by a quiescent period to
allow the displacement and velocity of the experiment to null
out before each test. During the quiescent period, VRCS fir-
ings for station-keeping were inhibited and crew motion was

minimized in order to limit disturbances to the experiment.
These practices were also enforced following the planned fir-
ings so that data on experiment motion could be gathered
during a true ““free response’” period.

In two cases, a deviation occurred from the plan to produce
a quiescent period, perform the intended firings, and then
monitor experiment motion. During the intended quicscent
period preceding event 11, there is evidence of VRCS activity
before the planned firings. Therefore, the initial conditions -
for this fest may not be as near /¢ro as for other tests. The
other deviation occurred in event 27 in which the first of the
intended thruster firings did not occur. In all other cascs, the
thruster firings were basically the intended ones as shown in
Table 2-5. Since the times at which the thrusters were fired
were manually controlled, the actual firings differ slightly
from the intended firings in all cases. The actual thruster
firing-timic histories are shown in Appendix A. These time
histories were compiled from orbiter instrumentation. These
thruster firing histories, when combined with the acceleration
les cls shown in Table 2-4, result in acceleration-time histories
at the experiment base as contained in Appendix B.

2-163
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Table 2-4 SAFE BASE ACCELERATIONS DUE TO VRCS THRUSTER FIRINGS
All units are in. /sec2 and md/sec2 ORIGINAL PAGE IS
F POOR QUALITY
— F5R F5L
x= 0.0 x= 0.0
y = -0.07771 y = 0.07771
z = 0.07654 z = 0.07654
.. - . -4
§x = 0.5337 x 10 6x = 0.5337 x 10
. - .. -3
Gy = 0.1515 x 1073 Gy = -0.1515 x 10
- .. -3
Gy = 0.1448 x 10°° 67 = -0.1448 x 10
RSD L5D
x= 0.0 = 0.0
y = 0.0 y= 0.0
z = 0.002182 z = 0.002182
. - . -3
Gx = 0.13407 x 103 Gx = -0.13407 x 10
- . -4
5y = -0.69924 x 10 Gy = -0.69924 x 10
gy = 0.0 6z = 0.0
7'\/
Table 2-5 THRUSTER FIRING-TIME HISTORIES
705 Out-of Plane 70% In-Plane 70% Multi-Modal
t = 0, F5I. +F5R for 3.6 sec t = 0, F5L for 3.36 sec and t =0, I'3lL for 4.0 sec
t = 8.4, 5D + R5D for 8.0 sec L5D for 7.36 sec t = 4.96,R5D for 8.8 sec
_ _ t = 7.52,F5R for 3.36 sec and _
t = 16.88 F5I. + F5R for 3.6 sec R5D for 7. 36 sec t = 32.72,F5R for 4.0 sec
t = 25.28,L.5D + R5D for 8.0 sec t = 40.72,1.5D for 8.8 sec
100% Out of Plane . 100% Multi Modal
t = 0. F5I. + F5R for 4.32 sec t = 0, F5I. +F5R for 4.0 sec and R5D for 5.52 sec
t - 15.04, 1.5D + R5D for 9.52 sec t =10, I.5D for 8.8 sec and R5D for 3. 28 sec
(1.5) 70% Out of -Plane A : (1.5) 70% Multi Modal
t = 0, F5L for 2.0 sec and L.5D for 4.4 sec t = 0, F5L for 2.48 scc t = 4.96, R5D for 5. 44 sec

t = 7.52. F5R for 2.0 sec and R5D for 4.4 sce t = 32.72, VSR for 2.48 sec t - 40,72, 1.5D for 5. 44 sec
1t =14.96, F5l. for 2.0 sec and 15D for 4.4 sec t = 56.0, 1.5D for 5. 44 sec t = 65.04, F5R for 2. 48 sec
b= 22,48, F5R for 2.0 sec and R5D for 4.4 sec t =100.0, F5IL for 2.48 sec

108.0, R5D for 5. 44 sec

1
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Accelerometer Data. Data from the three accelerometers
'~~ated on the support structure at the base of the experiment
~_re used very little in evaluating the experiment dynamic per-
formance. Because very low signal levels were being recorded,
the effects of noise-level accelerations and signal shifts due to
temperature changes significantly degraded the data. As an
example of the data quality from this instrumentation source,
the base acceleration-time histories from event § are shown in
the first threc pages of Appendix C.

The data from the three accelerometers on the containment
box cover at the tip of the experiment were of much better
quality. The superior quality results primarily because orbiter
notse-level accelerations are not transmitted to the box cover
by the mast/blanket structure and because accelerometers
with low sensitivity to temperature were chosen for this
location.

Before transmitting this data to LMSC, the accelerations
were filtered and sero-adjusted by MSFC. The filtering climi-
nated useless high-frequency response content, and the zero-
shift compensated for small de¢ signal shifts due to tempera-
ture change. Without the zero-adjustment, the acceleration
signals have v ~uld produced erroneous velocity and displace-
ment values when integrated. The adjusted acceleration-time
histories are contained in Appendix C. PSDs of cach of these
acceleration histories are contained in Appendix D.

Displacement-time histories, obtained by taking the second
integral of the acceleration, are contained in Appendix E.
The labeling of the accelerometer sensitive axes corresponds
with the convention shown in Fig. 2-4. Shown in Table 2-6
are the dominant frequencies for each test record and the
associated modal damping values. These were calculated
from the accelerometer PSDs by MSFC, using the half-power
method.

Quuality of Accelerometer Data. Since much of the dynamics
evaluation is based on the accelerometer data, the quality of
the data is important. As mentioned earlier, the mast-tip
motion as measured with the Nikon camera is independent
data that can be compared with the second integral of the
accelerometer data. The displacement-time history from the
Nikon data for the 70-percent extension is shown in Fig. 2-18.
For convenience, the corresponding data from the second inte-
gral of the accelerometer contained in Appendix E has been
reproduced and included as Fig. 2-19. The mast-tip displace-
ment from the Nikon data at 100-percent extension and from
the accelerometer data for the same event are shown as Figs. 2-
20 and 2-21, respectively. In each case, the integration of the
acceleration data began 15 or 20 seconds before the start of the
test event, so a shift of the time axis is needed to compare the
data. When this shift is done, the time histories from the two
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Fig. 2-18 Must-Tip Motion From Nikon Data for First Qut-of-Plane Test at 70-Percent Extension--File §
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Table 2-6

DOMINANT FREQUENCIES AND MODAL DAMPING VALUES
SUPPLIED BY MSFC

Modal Frequency Modal Damping .
Event (Hz) % of Critical) i
5 0.056 7.0
0.103 0.90r 2.6inY
0.11 0.8
0.165 1.8
6 0.058 11.0
0.125 3.7
10 0.058 6.0
0.075 3.6
11 0.062 10.0
12 0.056 8.6 i
0.099 3.7 !
0.157 1.8
13 0.065 1.4
0.071 3.8
_ 14 0.059 4.5
0.075 2.4 i
15 0.064 1.4
0.068 1.3
17 0.0375 6.9
0.152 1.5
20 0.0375 7.2
0.0577 7.0in Y
0.144 1.6
26 0.061 6.7
0.076 3.01
0.135 2.07
27 0.060 4.5
28 0.066 1.4
0.093 3.3
29 0.063 4.4
0.108 2.0
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data sources show remarkable agreement, particularly true of
the data comparison at 70-percent cxtension where the Nikon
camera was properly focused. Note, for instance, the ““warp-

)7 of the otherwise sinusoidal trace during the period from

30 to 60 seconds after the start of the test. Note also the first
full-blown appearance of a second mode in the period of 70 to
75 seconds after the start of the test. Also, the amplitudes from
the two time histories match closely.

It is important to remember that the accelerometer data is
an electronic signal that has been filtered, zero- adjusted, and
double integrated, while the Nikon data is a photographic
record that has been processed by some simple scaling tech-
niques. The close match between these two independent
sources of the data lends credence to both of them, but partic-
ularly to the accelerometer data as the basis for evaluation of
the flight dynamic behavior.

Quiescence Before Testing. In the previous section, displace-

TR AR AN SRS AT T IR R DA WT SRR i Fa SN R el BRI ST S LR TR BRI | DI IR

ment histories were shown which were acquired by perform-
ing a double integration on the accelerometer signals. The
integration of the acceleration was started 15 or 20 seconds
before the start of the test, and the velocity and displacement
at this time were assumed to be zero. This assumplion was
believed to be justificd because of the long quiescent period
preceding each test. If true quiescence had been achieved, the
integration could have been started at any point within the 15-
or 20-second period, and the integration would show no
buildup of velocity or displacement before the start of the
test. That this is not the case in Figs. 2-19 and 2-21 indicates
that true quiescence was not achieved. The magnitude of the
velocity and displacements that result from integration are
Jindicative (but not accurate measures) of the experiment tip
motion before test. Evaluation of the photogrammetric data
by NASA LaRC confirms the presence of residual motion
before each test. While the residual motion is a ~mall part of
the overall response in the first in-plane or out-of-plane mode
of the experiment, it is sizable compared to the response in the
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Fig. 2-19 Must-Tip Motion From Accelerometer Data for First Out-of-Plane Test at 70-Percent Extension—File §
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Fig. 2-20 Must-Tip Motion From Nikon Duata for First Qut-of-Plane Test at 100-Percent Extension—File 17
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second and higher structural modes. As will be discussed
ater, this fact makes evaluation of the structural response,

~ and part -ularly of the structural damping, very difficult in
any but t."* fundamental modes of the experiment.

Comparison of Mcasured and Predicted Frequencies. Before
flight, the characteristic frequencies of the experiment were
predicted Tor the T0-percent-extended and 100-pereent-
extended positions. These predictions can be compared with
the frequencies that come from the PSDs of the aceclerometer
signals produced by MSFC and listed in Table 2-6. Since the
frequencies coming from the PSDs contain no mode-shape
information, the comparison is difficult when the predicted
frequencies are closcly spaced. Still, it is possible to compare
many of the predicted and measured freguencics in this fash-
jon. The comparisen does, however, involve some educated
guessing.

A supporting comparison based on mode-shape information
comes from the evaluation of experiment blanket motion

performed by LaRC. Since this evaluation involved the track-
ing of targets distributed on the blanket, modes with closely
spaced frequencies can be distinguished by their shape, A sum-
mary of the frequency comparisons is contained in Table 2-7.
This table shows an excellent correlation of predicted and mea-
sured frequencies. Further evidence of the pretlight modeling
accuracy is gained from the close mateh between measured and
computed mode shapes for cach ol these frequencies,

It is worth noting that, in the evaluation performed by
[ aRC, the array in-plane mode was not evident in the
response of the event selected for analysis. This factis consist-
ent with evidence that the in-plane mode of the experiment is
very highly damped. As a result, any participation by this
mode should quickly disappear after the VRCS firings are
complete. This consideration will be discussed further in a
subsequent section,

Modifications to the Dynamic Model. As discussed in the pre-
vious paragraphs, the frequencies predicted by the preflight

Tuble 2-7 COMPARISON OF PREFLIGHT FREQUENCY PREDICTIONS WITH MEASURED FREQUENCIES

70% Extension Preflight MSFC Measurements LaRC Measurements
Prediction Day Night Day Only
Mode (Hz) (Hz) (Hz) (H2)
~ Out - of -Plane Bending 0.0593 0.058 0.061 0.059
In-Plane Bending 0.0662 0.063 0.064 -
Torsion 0.0764 0.075 0.072 0.076
Out of Plane Bending 0.119 0.105 0.093 0.114
Torsion 0.145 - 0.130 0.148
Out of Plane Bending & Torsion 0.196 0.161 - 0.160
1002 Extension Preflight MSFC Measurements L.LaRC \Measurements
Prediction Day Only Day Only
Mode (Hz) (Hz) (Hz)
Out of Plane Bending 0.0344 0.0375 0.037
In Plune Bending 0.0365 - -
Torsion 0.0576 0.0577 0.057
Out of Plane Bending 0.0966 - 0.098
Torsion 0.112 - -
Out of Pline Bending & Torsion 0.153 0.144
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dynamic model match quite closely the frequencies measured in
flight. However, several refinements were implemented to bet-
ter match the flight frequency measurements.

First, a five-pound mass was added at the edge of the con-
«ainment box cover to account for the CG offset produced by
the mast twist of 7.8 degrees. This modification causes a small
amount of torsion to occur whenever thrusters are fired to
excite the out-of-plane mode. Second, the mast bending
stiffness in the 100-percent-deployed model was changed to
more closely match the first out-of-plane bending mode at
this position. Variations in blanket tension and mast-base
compliance were considered as means for improving the fre-
quency match; however, it is not possible for changes in either
of these variables to increase the frequency as necessary. The
true cause for the frequency mismatch may not be mast bend-
ing stiffness, but this is a convenicnt variable t adjust to
improve the simulation. The predicted frequencies before and
after these modifications are shown in Table 2-8.

A second modification was necessary {o account for twist
in the experiment because the twist causes the sensitive axes of
the tip accelerometers to be misaligned with the orbiter axes.
Thus, pure X-motion (fore and aft) of the array tip shows up

on both the X and Y accelerometer signals. A simple coordi-
nate transformation was performed on the predicted accelera-
tions in order to compare them with the measurements from
the accelerometers.

The dynamic model was not modified to account for blan-
ket curvature; however, this exercise was performed by
MSFC. The curvature is suspected to have caused the
frequency measurement for the out-of-plane mode to be
higher in the nighttime than in the daytime. MSFC has shown
that the curvature could indeed have shifted the frequency by
the amount shown in Table 2-7. Since the model without cur-
vature considerations predicts a frequency that lies between
the day and night frequency measurements, it was not
modificd for the response analyses contained herein.

Response Period Selected for Damping Evaluation. The
method for evaluating the structural damping of the experi-
ment was to apply the base motion disturbance to the
dynamic model and adjust the damping in each mode until
the best match between the predicted and measured response
at the mast tip was obtained. A little study of the measured
responses, particularly those from the in-plane tests, will

Tuble 2-8 FREQUENCY PREDICTIONS BEFORE AND AFTER MODEL MODIFICATION

70% Deployment

Preflight Frequency Frequency After Model
Prediction Modi fication
Mnde (Hz) (Hz)
- 1 Out-of-Plane Bending 0.0593 0.0587
2 In-Plane Bending 0.0664 0.0653
3 Torsion 0.0764 0.0759
4 2nd Out-of-Plane Bending 0.1191 0.1178
5 2nd Torsion 0.1454 0.1413
6 Bending and Torsion 0.1961 0.1956

100% Deployment
Preflight Frequency Frequency After Model
Prediction Modification
Mode (Hz) (Hz)
1 Out-of Plane Bending 0.0344 0.0375
2 In-Plane Bending 0.0371 0.0405
3 Torsion 0.0576 0.0596
4 2nd Out of-Plune Bending 0.0966 0.0965
5 2nd Torsion 0.1119 0.114
— 6 Bending and Torsion 0.1528 0.152
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<how that no single value of damping will characterize all
~iods of the response. '
" The experiment response during the period of the forcing’
Sfunction and Shortly thereafter was chosen for evaluating the
structiral damping. There are three reasons for this decision.
First, MSFC and 1 aRC are evaluating the portion of the
response downstream from the forcing function. The
approach selected by EMSC thereby provides damping infor-
mation in a different time period. Secondly, the structural
damping during the period of the forcing function is important
from the standpoint of design loads. This is the period of
maximum structural displacements and loads, and the damp-
ing values may be significantly larger thun later in the response
during low-level displacements. Finally, a comparison of
responses during the later portion of the data gathering period
would not be appropriate for a numerical integration exercise.
The most appropriate period for comparison is carly in the
response when the contribution of the fundamental modes
dominate the response and errors due to small frequency
inaccuracies have not had a chance to accumulate.

Structural Damping Fyvaluation. The method selected for
ovaluation of the structural damping was to adjust the damp-
ing values in cach of the modes used in the dynamic response
analysis to obtain the best match with the measured
acceleration-time histories of the array tip. This approach is
sible since only several of the structural modes actively
“participate in the responses.

The first events chosen for evaluation were the out-of-plane
tests at 70-percent extension. Considerable time was spent on
the first case in order to become familiar with the sensitivity
of the response to the input damping values. Tt was obvious
that the response was dominated by the first mode and that a
relatively high damping value (five percent of critical) was
needed to match the test data. In order to match a small con-
tribution from the second out-of-plane mode, reducing the
input damping vatue to 0.25 pereent of critical for this mode
was necessary. Since the displacements for the sccond mode
are much smaller than for the first mode, it is not surprising
that the damping value is also smaller. At such Tow values of
displacement, however, the non-zero displacement and seloc-
ity at the start of the test are of the same magnitude as the
response in the second mode. This fact “muddies the water™
and makes accurate prediction of the damping in the second
made impossible without accurate knowledge of the innal
conditions. Attempts were made to estimate the initial condi-
tions; however, the combination of variable damping values
and variable initial conditions greatly complicates the task of
matching the test data. For this reason, initial conditions were
ol treated in subsequent cases.

A typical set of acceleration time histories, obtained by
integrating the flight data from an out-of-planc test and by
adjusting input values 1o the dynamic model, is shown in
Fig. 2-22. As the figure shows, the comparison is quite close
at the sart of the test when the VRCS thrusters are active and
during the period peak displacements. Later in the response
period, the damping appears to be of reduced value.

Next, the in-plane tests at the 70-percent-extended position
were evaluated. For these cases, the damping in the first -
plane mode averaged ncarly ten pereent of critical during
VRCS thruster activity. Because of this high damping value,
the response decayed quickly in the free response period. This
result can be seen by comparing the measured and predicted
acceleration time histories for an in-planc test shown in
Fig. 2-23. Again, the damping value for the second in-plance
mode that produces the best match is much tower and cannot
be accurately determined due to the small response in this
mode and the non-zero initial values of displacement and
velocity.

Following evaluation of the in-plane and out-of-planc tests
at the 70-percent-extended position, the only out-of-plane test
at the 100-percent position was evaluated. Finally, the multi-
modal tests at 70 percent and 100 percent were evaluated. In
general, the damping values were lower for the 100-percent
position, but the damping for the in-plane mode was sull
nearly double that of the out-of-plane mode. The confidence
in the damping values for the 100-percent tests is not as high
as for the 70-percent tests because only two tests were
performed at the fully extended position.

The modal damping values that produce the best match
between the analytical model and the test data are presented
in Table 2-9. The response acceleration and displacement time
histories that result from these values are contained in Appen-
dixes F and G. A summary of the best-fit damping values is
contained in Table 2-10. Only values for the fundamental
in-plane and out-of-plane modes are hsted here since the par-
ticipation of the higher modes is so small. Small excitation of
the fundamenta! torsion mode is most likely due to the VRCS
thrusters selected for firing and the high yaw-axis inertia of
the orbiter. The damping values are generally higher for the
night 1ests than for the day tests, Tower for the 100-percent
position than Tor the 70-percent position, and higher for ihe
in-plane mode than for the out-of-plane mode. The increased
damping for the night tests is apparently a temperature phe-
nomenon and is a fairly significant effect. The increased
damping for the in-plane mode as opposed to the out-of-
plane mode is even more dramatic, and, therefore, a small
test program to evplain this effect was implemented.
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Table 2-9 DAMPING VALUES FOR BEST MATCH BETWEEN MODEL AND TEST DATA
B Damping for Out-of-Plane Damping for In-Plane
Event Mode (% Critical) Mode (% Critical)
5 3 -
6 6 -
10 7 8
11 3 11
12 4.5 -
13 - 11
14 4.5 11
15 4.5 11
17 2 -
20 2 4
o 26 6 11
27 3 9
28 6 15
29 - 11
Table 2-10 SUMMARY OF BEST-MATCH DAMPING VALUES
% of Critical
Mode 70% Day 70% Night 100% Day
Out-of-Plane Bending 4.4 5.1 2
In-Plane Bending 9.8 11.8 4
: e
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Guide Wire Negator Tests. One fundamental difference
between the in-planc and the out-of-plane bending mode is that
the two out-board tension wires must rectin and out a consider-

- larger amount for the in-plane made. This difference is

“Srown in Fig. 2-24, which compares the predicted tension-wire
motion for a typical in-plane and out-of-plane test. Although
the motion for the in-plane case is only about 0.2 inches, the
peak kinetic energy of the experiment during this event is only
about 0.4 in.-1b. Simple approximations show that if the
tension-wire reel-out force were greater thanthe reel-in foree by
aslittle as 1.0 pound, then the entire experiment kinctic energy
would be dissipated in one-half cycle of motion in the free
response period. Because a difference between rect-out and
reel-in foree is likely ina mechanism such as the negator assem-
blies that tension the wires, a small test was performed to
measure the negator force characteristics.

Since the negator mechanisms for the tension wires are not
readily accessible, the test was performed on a negator mech-
anism for one of the guide wires. To perform this test, a small
cover was removed from the experiment containment box to
access one of the outhoard guide wires. This guide wire 1s
normally routed under a pulley and up through the floor of
the containment box, through the grommets on every other
panel hinge line, and finally attached to the containment box
cover. The wire was cut and rerouted so that it passed over the
pully, out through the access hole, and down to a small load
cell and motor-driven actuator. An overall view of the test
wtup is shown in Fig. 2-25. The actuation motor and series

.d cell are shown in Fig. 2-26. The motor speed and stroke

Nt the crank were selected 1o approximate the frequency and
aroke of the wire during a dynamics test. The difference in
the reel-in and reel-out force was measured with the guide
wire at the O-percent-, 35-percent-, 70-percent-, and
100-percent-extended positions at room ambient conditions.
The test results are shown in Table 2-11. These results clearly
Jow that the foree difference between the reel-out and reel-in
motion of the guide wire (and thus of the tension wire) is
significant. This difference is probably the cause of the high
Jaructural damping for the in-plane mode of the experiment.

1.4.5 Faperiment Thermal Evaluation

An integrated thermal model of the SALT electrical equip-
ment was developed by Teledyne Brown Engineering (1 BL).
T'he TBE model of the equipmient includes only external sur-
faces that are linked by external radiation heat transfer. No
conductive heat transfer, no internal power dissipation, and
no radiation heat tramfer within the equipment are included.
The design cases were derived by assuming the orbiter to be
in one of its several attitudes for many arbits rather than
addressing planned attitude changes as shown on the Hight
rime hine. From this integrated thermal analysis resulted aset
of environments for the SAFE components that were sup-

ted to 1. MSC for cach design case. The environmients tor

e
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cach component consist of the incoming heat flun, the
boundury temperature, 1nd the boundary radiation conduc-
tance Tor cach surface of the SAFE cquipment. EMSC used
the external environments combined with component internal
modeling to determine more realistic equipment tempera-
tures. The component internal models include a conduction
network, internal power dissipation, and internal radiation
heat transfer.

The orbiter attitudes of interest are shown in Fig. 2-27. To
deseribe these attitudes, the nomenclature is consistent with
the avis system shown in Fig. 1-1. The subscript LV refers
to *Local Vertical,” and the subscript **SE” refers to “*Solar
Inertial.” The + Xjv a0 on attitude is a stable gravity gradi-
ent attitude in which most array extensions and retractions
and all dynamics tests occurred. The +Xg attitude was used
for the two solar cell performance tests. The + 7, attitude
was used for tests on the Solar Cell Calibration Facility,
another experiment on the OAST-1 (Office of Acronautics
and Space Technology) payload. This attitude produces a rel-
atively hot environment for equipment in the cargo bay. The
final attitude shown in this figure is the +7Z;\, or Earth-
oriented, attitude. This is a relatively benign thermal attitude.
The + 7, attituds is essentially the “*home base’’ attitude for
the arbiter with excursions to the + Xjyv, 1w o attitude for
dynamics tests, the + X, attitude for solar cell performance
tests, and the + Zy, attitude for Solar Cell Calibration Facility
tests. Because the orbiter spends most of its time in a benign
thermal attitude with excursions to the hot and cold attitudes,
the analysis that assumes the orbiter to be in a single attitude
for many orbits is a conservative approach. Only incascof a
flight anomaly leading to a hold in a specific attitude would
the temperatures predicted from the thermal design cases be
realized. Since the orbiter was not forced 1o hold in any of the
hot or cold attitudes shown in Fig. 2-27, the SAFE compo-
nent temperatures during the flight were all well within the
design extremes. .

A noteworthy example of an unplanned attituce hold did
occur on the third day of the flight when the orbiter was ori-
ented with the port wing facing the sun (- Y) for ten hours
in an attempt to melt an ice formation. Although experiment
equipment heaters did cycle on during this period, all equip-
ment temperatures remained within the design limits.

Temperatures during the tlight were monitored by ten ther-
mistors. Five of these thermistors were dedicated to measuring
the operating temperatures of the active solar cells, and the
remaining five were distributed on the experiment electrical
equipment and containment box cover. Tuble 2-12 showys the
locations of these ten thermistors. Table 2-13 summarizes com-
ponent temperatures for the containment box cover and exper-
iment electrical cquipment. Figures 2-28 through 2-30 plot the
remperatures oxer time. The figures show that the clearical
cquipment, which is all located on structure that remains
within the cargo bay, remained mostly within the range of O°F
to + 40 F throughout the flight. The heaters for the motors
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Fig. 2-26 Load Cell and Motor

Actuator for Negator Hysteresis Tests

Table 2-11 RESULTS OF NEGATOR HYSTERESIS TESTS

Tension Cable | Force During Reel-Out | Force During Reel-In Force
Position of Tension Wire of Tension Wiere Difference

(% Extension) (1b) (1b) (1b)

0% 1.50 0.88 0.62

35% 1.54 0.92 0.62

70% 1.62 0.9 0. 66

100% 1.74 1.06 0.68
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T~ Thermistor | Drawing & Sheet
Number Number Location
1 1244386 No. 2, 3, 7 Back side of 2 x 4 (cm) cells
2 1244386 No. 2, 3. 7 Back side of Kapton oa 2 x 4 (cm) cells
3 1244390 No. 1, 2 Back side of Kapton on thin cell module
4 1244386 No. 2, 3, 7 Back side of 5.9 x 5.9 (cm) cells
5 1244386 No. 2, 3, 7 Back side of Kapton on 5.9 x 5.9 (em)
cells
6 1239941 No. 6 On container cover at center on
accelerometer mount
7 SEP 154 Motor No. 1 - on motor housing under
heater clamp (bottom motor)
8 SEP 154 Motor No. 2 - on motor housing under
heater clamp (top motor)
9 SEP 153 Tape Recorder Heuter Support
10 1243174 No. 1, DAS Box - inside
1243156 No. 1
Table 2-13 SUMMARY OF FLIGHT TEMPERATURE DATA
. i
l
~ LOW AND HIGH TEMPERATURE (°F) i
File No. 6 No. 7 No. 8- \ . , :
No. Wing Cover Votor No. 1 Wotor  No. 2 No. 9 Tape Recorder | No, 10 DAS Box :
. i
1 32 32 25 25 25 25 26 26 12 12 !
2 1 1 17 17 16 24 18 22 39 39 ;
3 6 18 16 34 20 24 18 30 38 38 :
i 1 ) T 2 36 34 2 21 10 40 !
5 5 10 26 26 29 29 20 20 18 38 ;
6 | 15 5 29 29 26 32 23 23 40 10
T s s ’6 36 28 28 19 19 18 38
g 3 8 24 21 ke 10 26 26 14 14
9 15 27 1 18 10 20 16 20 36 40 ;
10 i2 24 3 T 2 K 8 8 28 28 !
T 15 6 1" 11 9 12 13 13 10 30 i
12 15 9 10 1h } 3 7 10 8 28 '
13 12 i 1% I~ 13 14 16 1R 32 32
IR} 16 R 1 i i 3 b} 8 30 30
14 15 10 i 15 ! 16 15 15 12 31
i 25 0 N ] " 13 i1 [ 32 32
7 i 13 6 R 1 11 13 il 16 12 32
18 | ) 13 18 25 20 23 23 23 12 32
1a 28 28 16 16 15 I8 i3 13 15 15
20 1R 13 13 13 15 15 1 13 H 34
21 4 16 20 7 21 25 20 20 N 31
22 27 11 32 44 30 34 23 23 18 " 3R
23 16 23 34 H H 19 26 26 H 44
2 i 13 32 12 32 T 22 25 11 13
25 i 9 27 27 25 27 23 23 L] 43
26 22 25 IR 20 18 18 i8 1R 4 41
27 13 6 10 10 1 11 13 15 16 16
2R 16 1 20 22 20 22 18 20 11 11
21 H 10 13 iR 15 I8 13 17 39 19
10 1 20 20 37 18 10 20 27 19 19
- 3 60 G0 54 51 5 HE | 4 LR 51 53
2-37
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Fig. 2-30c Tape Recorder Temperarure Versus Time

and tape recorder did activate on several occasions, but the
heaters for the DAS box were never required. The containment
box cover temperature readings were generally colder than the
electrical equipment temperatures. These differences occurred
because the thermistor for this measurement was mounted on
one of the cover accelerometers that was often shaded by the
sides of the containment box cover and by the locking-lever
hardware during the daylight portion of the + Xy 1o ;o atti-
tude. The accelerometer has little thermal mass compared to
the electrical equipment; it cooled off during the nighttime
portion of the orbit and never really warmed up during the
davlight. Because this reading is not indicative of the box cover
temperature, the thermistor probably could have been
mounted at a more useful location.

The EMSC thermal eva.uation of the SAFE ¢lectrical com-
ponents (DAS box, motors, and tape recorder) was published
as Reference 1in March 1984 in anticipation of a June launch
date. Last-second problems with the June launch caused the
launch date to slip to August 30. The resulting change in
orbital beta angle caused the primary operational attitude
(+ Xyv_ w ) to change from the hottest expected opera-
tional attitude to a cold operational attitude. Only the pre-

launch thermal analysis relative to the solar inertial attitude
remained valid. New environments were generated by TB!
but were not received until August 27. With limited tim
remaining before SAFE on-orbit operation, several compc
nent analyses were selected for evaluation with the ne:
environments. These cases are presented in Table 2-14.

The DAS box temperature predictions for case 1 and case
are shown in Figs. 2-31 and 2-32, respectively. Case | can b
compared with the DAS box temperatures measured durin.
hours 4.5 through 8.6 of Flight Day 2 as shown in Fig. 2-28u
The predicted and measured temperatures center around 30°|
and show a gradual decay with time. Case 2 temperature prc
dictions can be compared with the measurements taken o.
Flight Day 3, hours 7.9 through 8.7, as shown in Fig. 2-28t
Both the measurements and predictions show a sharp rise i
temperature in going to the hot +Z; attitude. Since th
orbiter only stayed in this attitude for a short time, the mea
sured temperatures did not reach those predicted for a:
extended stay in the attitude.

The motor-assembly temperature predictions for cases 3 an
4 are shown it Figs, 2-33and 2-34, respectively. Hisdifficult t-
compare these predicted temperatures with the measure

2-42
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Table 2-14 COMPONENT ANALYSIS AND ENVIRONMENTS

Case Component

Environment

1 DAS Box

2 DAS Box

3 Mast Motor Assemblies

4 Mast Motor Assemblies

5 Tape Recorder

3 orbits of transient analysis starting from
orbit average conditions with power on in
attitude +Xy,y, 30° roll

Transient analysis starting from attitude
+X1,v. 30° roll and maneuvering to +Zgg
attitude with power on

3 orbits of transient analysis starting from
0°F in attitude +Xpry, 30° roll with
simulated solar array extension

Transient analysis starting from 0°F in
attitude +X1,y, 30° roll and maneuvering
to +Zgy attitude

5 orbits of transient analysis starting from
0°F in attitude +Xpy, 30° roll, no power
dissipation in recorder

values shown in Fig. 2-29. This difficulty occurs because the
predicted motor temperatures are for the armature mass at the
center of the motor windings, whereas the measured values are
from thermistors located at the outer surface of the motor
casing underncath the heater band. Therefore, it is not surpris-
ing that the predicted motor temperature rise for an extension
event is 18" F, whereas the measured values (Table 2-13) aver-
ageonly 7°F for extensions on motor 2. Retractions on motor |
produced an average temperature rise of 147F. Since motor 1
actually drew less current on the average than did motor 2, the
higher indicated temperature rise from motor 1 was probably
caused by variations in the conductive path from the motor
casing through the thermal grease and into the thermistor/
heater band.

The tape recorder temperature predictions for case § are
shown in Fig. 2-35. The predictions for the heater support
plate are the ones most comparable to the measurements from
the thermistors shown in Fig. 2-30. The temperature varia-
tions from the shadow periods to the sunlight periods are
about 10°F in cach case. The predicted temperatures are a
tele Jower than the measured values since the predictions are
. dcold case with a nonoperational recorder.

2-43
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The temperature measurements for solar cells and for the
Kapton behind the solar cells during the first solar cell perfor-
mance test are shown in Figs. 2-36 through 2-40. These figures
show that all three groups of cells operated at similar tempera-
tures. Additionally, the Kapton behind the cells operate.d at
essentially the same temperature as the cells. The Kapton tem-
perature measurements may not be accurate, however, because
of the problems inherent in using thermistors to measure the
temperature of a transparent material.

The temperature predictions for the solar cells during the
orbit of performance testing are shown in Figs. 2-41 and 2-42.
The pertinent data used for predicting the solar cell tempera-
tures are presented in Table 2-15. The cell efficiencics are taken
as zero for these analyses since resistances for measuring cur-
rent and voltage values were connected across the cells for only
asmall pereentage of the time. The temperature predictions are
somewhat higher than the measured »alues, particularly for
the 5.9 x 5.9 ¢m cells. The difterences, however, are well
within the differences between the temperature predictions and
test measurements made in the past. The possibility that the
actual cell temperatures were higher than the measurements
indicate is discussed n the following section,
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. Table 2-15 PERTINENT DATA FOR SOLAR CELL TEMPERATURE PRELICTIONS

Surface Optical Properties
Parameter 7 Value
Frontface Solar Absorptivity 0.70
Frontface Emissivity (IR) 0.84
Circuitry Solar Absorptivity 0.37
Circuitry Emissivity (IR) 0.74
Space Side Solar Absorptivity of Substrate 0.28
Cell Side Solar Absorptivity of Substrate 0.28
Space Side Emissivity (IR) of Substrate 0.66
Cell Side Emissivity (IR) of Substrate 0.66
Solar Transmissivity of Substrate 0.35
Solar Absorptivity of Cell Backface 0.18
Emissivity (IR) of Cell Backface 0.09
N
Orbital Data
Parameter Value
Orbital Altitude 163 NM
Orbital Beta Angle 6.8°
Cell Geometry and Performance Data
Parameter Value for ' Value for
‘ 2 cm x 4 cm Cells 5.9cm x 5.9 cm Cells
Total Cell Area 8.1 cm? 34.8 cm?
Circuitry Length Under Cell 13.4 cm 28.3 cm
Circuitry Percentage of Area 57.1% 50.3%
Cell Efficiency Constant 0% 0%
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Solar cell performance was measured on two occasions dur-
ing the SAFE flight. These performance tests are identified as
events 9 and events 24 and 235 in Table 2-1. In each case, the
orbiter was maneuvered to the + X, attitude as shown in
Fig. 2-27. In this attitude, the array blanket is positioned at
90 degrees to the solar vector with the active solar cells facing
the sun. Only in event 9 was this attitude maintained for the
entire daylight portion of the orbit. Events 24 and 25 were a
mini-solar-cell-performance test, and the + Xy, attitude was
not maintained long ¢nough for the solar cells to reach
thermal equilibrium. Therefore, evaluation of the solar cell
performance is limited to the data collected during event 9.

Solar cell performance data were collected for three sepa-
rate electrical modules. One module was a half-pancl popu-
lated with solar cells measuring 2 x 4 ¢m. The second electri-
cal module was the other half of this panel, populated by
solar cells measuring 5.9 x 5.9 ¢m. The third electrical
module was a smaller grouping of much thinner solar cells
measuring approximately 2 x 2 ¢m. Detail specifications of
the solar cells and their grouping in the electrical module are
contained in Table 2-16.

The solar performance was recorded by measuring the cur-
rent and voltage produced by each of the solar cell modules at

ix different load resistances and at the short circuit current

--and open circuit voltage. These measurements provide cight
data pairs for generating current versus voltage (IV) curves. A
schematic of the circuit used to make the measurements is
shown in Fig. 2-43. The three resistors shown in the diagram
were switched into the circuit in the combinations shown 10
produce the six load resistance values. This measurement sys-
tem outputs the current and voltage for each of the load
points versus time. This data must be cross-plotted to obtain
IV curves. The open circuit voltage versus time and short cir-
Cuil current versus time are ~hown in Figs. 2-44 through 2-49.
The rise in short circuit current at sunrise and sunset is due to
albedo illumination on the front surface of the cells as well as
1o the direct solar illumination.

To comparc predicted solar cell performance with the mea-
sured performance, it is desirable to <tay away from orbital
sunrise and sunset, when temperature changes in the cells
cause variations in cell performance. Therefore, 1V curve

* comparison was performed at 2250 seconds past the GMT
reference time of 246:11:27: 53 used for thisesent. Figures 2-36
through 2-49 show that this is a time near orbital noon when all
three electrival pancls are operating at near maxinmum temper-
ature. A second time of 1000 seconds past the reference time
was selected for acomparison at @ different temperature yet al

4.6 Solar Cell Performance
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a time when cell performance was not changing rapidly. The
two times sclected for 1V curve comparison correspond to
GMTs of 246:11:44:34 and 246:12:05:24.

Preliminary evaluation of the flight IV curves showed a dip
in the current from the electrical modules near the short cir-
cuit current end of the curve. The dip was most pronounced
in the data from the electrical modules of 2 x 4 ¢m cells and
5.9 x 5.9 cmcells. A typical set of data depicting the current
dip is shown in Fig. 2-50. This figure shows that load point 3
is below the fitted curve and load point 2 is lower yet. Because
of this current dip, investigative tests were performed on the
DAS box. The investigation concluded that the current dip in
the flight IV curves resulted from current leaks in the bases of
the transistors used in the measurement circuit shown in
Fig. 2-43. For each transistor that is closed to complete a load
circuit, a small amount of current from the solar cells is
shunted around the current sensing resistor. Thus, for load
point 4, current is lost through only one transistor while, for
load point 3, current is lost through two transistors and, for
load point 2, current is lost through three transistors. Because
of these tacts, the flight data were corrected by increasing the
measured current values by the theoretical transistor leakage
of 11 milliamperes per transistor used for that load point.
These current corrections are presented in Table 2-17. The
corrections were not applied to the measurements from the
thin cell electrical module since the shunted current was negli-
gible for this load circuit design.

The flight data for the 2 x 4 cm cells are shown in Figs. 2-51
and 2-52. The data described as **flight conditions’ in these
figures are the raw flight data plus the current correction due
to current shunting in the DAS box.

The data, which is corrected 10 28°C, 1 AU, include correc-
tion factors to account for the seasonal variation in solar
intensity, the reduced solar flux due to array twist, and the
variation in voltage and current with cell temperature. These
correction factors are also given in Table 2-17.

In these curves, a very slight dip in current can still be
observed in the horizontal portion of the curve. After these
curves were prepared, the DAS box was disassembled and the
current lcak in the transistors determined to be 17 miliam-
peres rather than 11 milliamiperes. If the curves were redrawn
with this latest input, the slight dip would be climinated.

The IV cunves measured in preflight and postilight flash
tests on these cells are shown in Figs. 2-53 and 2-54. All of these
results are combined for comparison at 28°C in Fig. 2-55.
Similar results are shown for the module of 5.9 x 5.9 cm cells
and for the module of thin cells in Figs. 2-56 through 2-60 and
Figs. 2-61 through 2-65, respectively. An overview of all this
data can be gained by looking at Figs. 2-55, 2-60, and 2-65.



Contact Design Top /Bottom
Cell Size 2cm x 2cm
Cell Thickness 0.002 inches
Number of Cells in Module 80
Cell Interconnect 4 Parallel Strings of 20 Cells in Series
Cover Slide 0.002 inches micro sheet
Cover Slide Adhesive DC 93-500
. Front Surface Coating None
~ Back Surface Coating BSF
Base Resistivity 2 ohm-cm
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These figures show that the flight performance of the solar made 1o the flight data to reach the 28°C performance is too
cells was diminished on open circuit voltage and elevated on small. A temperature error of 9.8°C on the modules of
clened circuit current compared to the flash test performance 2 x $cem cells, 9.9°C on the module of 5.9 x 5.9 c¢m cells,
for all three modules. Near the peak power point, the perfor- and 7.3°C on the module of thin cells will cause the open
mance is nearly identical. circuit voltages from flight to match the flash test data at

This variation in performance could be caused by an error 28°C. This type of crror would also improve the match of the
in the temperature measurements for the solar cells. If the short circuit current values from test to flight and the match
actual cell temperatures in flight were hotter than the temper- of the predicted cell temperatures to those measured in flight.

ature measurements indicate, then the voltage correction

Table 2-16 SOLAR CELL AND ELECTRICAL MODULE CHARACTERISTICS

Electrical Module with 5.9 em x 5.9 e¢m Solar Cells

Contact Deslgn Wrap Around

Cell Size 5.9cmx 5.9 cm

Cell Thickness 0.008 inches

Number of Cells in Module 150

Cell Interconnect Single String of 150 Cells in Series
Cover Slide 0. 006 inches micro sheet

Cover Slide Adhesive 0. 002 inches DC 93-500

Front Surface Coating UV and anti-reflective

Back Surface Coating BSR

Base Resistivity 2 ohm-cm

Electrical Module with 2 cm x 4 cm Solar Cells

Contact Design Wrap Around

Cell Size 2 cm x 4cm

Cell Thickness 0.008 inches

Number of Cells in Module 704

Cell Interconnect 4 Parallel Strings of 176 Cells in Series
Cover Slide 0.006 inches fused silica

Cover Slide Adhesive 0. 002 inches DC 93-500

Front Surface Coating UV and anti-reflective

Back Surface Coating BSR

Base Resistivity 2 ohm-cm

Electrical Module with 2 em x 2 em Thin Solar Cells

et
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N
Table 2-17 CURRENT AND VOLTAGE CORRECTION FACTORS
DAS Box Current Correction Factors for Electrical Module of 2 cni x 4 em
Cells and Electrical Module of 5.9 cm x 5.9 cm Cells
Il 12 13 14 !5 16 17 Ia

Current Correction +11 +33 +22 +11 +22 +11 +11 0

(mA)
Current Correction Due to Array Twist of 7.8°

lcorrected = 1.0093 lmensured
Current Torrection Due to Seasonal Solar Flux Variation

'cnrrected =1.0178 Immsured
Current and Voltage Temperature Coefficients

Property Change per °C
Property 2cm x $cm 59cm x 5.9 cem Thin Cell
Ise (mA /series string) 0.112 0.0484 0.083
Voc (1aV/cell) 2.023 © 2,023 2.07
Imp (mA/series string) 0.0409 0.177 0.0036
Vmp (mV/cell) -1.998 -1.9'98 2.11
- - - -
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Section 3
POSTFLIGHT TESTS AND INSPECTIONS

Following the return of the orbiter to Kennedy Space Cen-
ter, the SAFE was removed from the Mission Peculiar Equip-
ment Support Structure and installed on the ground handling
do'ly. At this time, the wing assembly was visually inspected,
and the tape recorder was removed to MSFC for evaluation
of the flight data tape. The SAFE was then packaged and
shipped to LMSC. Upon arrival at LMSC, the hardware was
stored for approximately 2-1-2 months until construction
could be completed on the facility that houses the horizontal
deployment fixture.

In December 1984, the SAFE was removed from the ship-

-~ “ping container and installed in the horizontal deployment fix-

wure. In this fixture, the mast and blanket were extended first
to the 7u-percent position and then to the 100-percent posi-
tion. At this time, all hardware was thoroughly inspected.
This inspection included the mast and canister, the blanket,
and the active solar cells. The mast was then retracted to the
70-percent position and then to a position with the mast
extended approximately 15 feet. In this position, a postflight
flash test was performed. The mast was then retracted to the
fully stowed position and removed from the test fixture. Since
its remon al from the test fixture, the hardware has undergone
three component-level tests. These include the DAS box tests
described in Section 2.4.6, the panel-curvarure tests described
in Section 2.4.3, and the guide-wire negator tests described in
Section 2.4.4.

31U INSPECTION RESULTS AT THE KENNEDY
SPACE CENTHR

Visual inspection of the hardware after removal from the
orbiter resealed little or no change from its preflight condi-
tion. All components were intact, and the panels were neatly
dowed in the containment box with the proper preload
applied. There was no ¢vidence of distortion or deterioration
of any painted or annodized exterior surface.

~— The only anomalous conditions identified were some score

marks on two of the jostle plates and one guide wire that was
extended approximately two inches through its attachment

——

hole in the containment box cover. These conditions are
shown in Figs. 3-1 and 3-2, respectively.

The jostle plates with the score marks were located diago-
nally on opposite corners of the experiment. The marks were
probably caused by rubbing of the locking lever assemblies on
the jostle plates as the wing was retracted with a small amount
of twist present. Since the purpose of the jostle plates is to
guide the locking-lever assemblies into the proper stowed
position, it is concluded that the plates effectively performed
this task.

The condition in which a guide wire is not pulled com-
pletely through its attachment hole in the cover had been

Fig. 3-1 Score Murks on Jostle Plute
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32 Guide Wire Extending Through Attachment Hole

observed on many previous occasions during ground tests.
The condition occurs because, as the panels begin to acquire
preload foree, the guide wire grommets at the hinge hines of
alternating pancls are no fonger able to shift laterally. Small
misalignments in the stack of panels and, therefore, in the
stack of grommets prevent the small reel-in force from the
negator (less than 1.0 pounds) from pulling the wire through
the stack of grommets. Thus, a small amount of wire is left
protruding through the attachment hole in the containment
box cover. The small amount of slack wire causes no opera-
tional problems because it is immediately pulled taut at the
start of a subsequent extension. This was the case in the
postilight extension tests performed at [MSC,

3.2 POSTFLIGHT TESTS AND INSPECTIONS AT
[MSC

3.2.1 Fxtension Reaction Performance

The posttTight extension and retraction performance of the
SAFE wing was essentially unchanged from the preflight per-
formance. Motor current was nominal during extension,
~action, and preloading of the pancls. Some panel sticking
Wi apparent, but it had been observed both in the pretlight
testing and during the first extension in flight. At one point in
the entension from ~0 percent to lf‘)() pereent, the pancels

moved erratically, but this movement was traced to formation
of rust in the track of the deployment fixture. The micro-
switches controlling the automatic shutoff of the mast per-
formed properly at all positions, as did the microswitches
which signal that the locking levers and positive mast lock are
properly configured when the wing is fully stowed.

3.2.2 Surface Examinations

At the 100-percent-deployed position of the postflight

extension/retraction tests, the SAFE received a thorough vis-
ual examination. The hardware was scrutinized not only by
the test director and quality assurance representatives but also
by a host of interested NASA and LMSC personnel. Of par-
ticular interest to many was any evidence of atomic oxygen
degradation. Evidence of atomic oxygen degradation to the
SAFE panels is not casily detected since the Kapton surfaces
were abraided during manufacturing in order to increase the
holding power of adhesives used in the construction of the
panels. Furthermore, any such degradation would be
expected to be slight since (1) the array was only extended for
several days, (2) the flight occurred during a period of low
solar activity, and (3) the blanket was oriented with its edge
aligned with the velocity vector for most of the flight. Conse-
quently, no atomic oxygen degradation was visually detect-
able. In addition, no micrometeorite damage was visually
detectable.

In fact, the only contamination discovered on any of the
experiment surface was a small amount of black material on
the outermost photogrammetric targets. Chemical evaluation
of this material showed it to be BRAYCO grease, which had
been applied in excess to the axles of the rollers on the longe-
ron pivot fittings. The black color of the grease came from
particles of hard annodizing from the rollers and interior sur-
faces of the rotating nut. In addition, the chemical analysis
revealed the presence of a waxy substance in the contamina-
tion. The source of the wax was traced to the strands of stain-
less steel wire used for the diagonal cables.

3.2.3 Mechanical Condition

Although the SAFE was found to be in basically excellent
condition, the postflight examinations did reveal several small
anomalics. The most obvious of these was a stretching
beyond its elastic imit of one ~f the small springs on the final
tension bar. A photograph of the subject spring is shown in
Fig. 3-3. No specific cause for the spring’s condition could be
identified. However, the final tension bar and the springs that
attach 1o it must nest compadtly into the container along side
the pancls; thus, there s a large amount of hardware near the
spring on which it could snag. Because many such springs are
distributed across the final tension bar, the damage to one of

-
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. ,them did not impair the performance of the blanket tension-
ing system.

Another small anomaly was detected on two of the small
leal springs located at the panel hinge lines. On one of these
springs, the Kapton tape that secures the two leaves of the
spring had debonded. At another location, the tape had
debonded and the two leaves had flipped by onec another.
Photographs of these conditions are shown in Figs. 3-4 and
3-S5, The cause of the failure was probably poor surface prep-
aration. The loss of spring torque at the location where the
leaves flipped by cach other caused no panel folding prob-
lems; the remaining springs at the hinge line provided the nec-
essary folding torque.

A less casily detected anomaly was a wrinkling of the flat
conductor cable at one point on the blanket, This condition is
shown in Fig. 3-6. No cause for the wrinkling can be identified.
It is possible that the condition existed before flight but was
only discovered during the detailed postflight inspection,

One final imperfection observed in the postflight inspec-
tion was a small amount of peeling paint on the mid tension
bar. The bar was also slighily curved. Preflight photo-
graphs, however, show a similar degree of curvature and, in
fact, evaluation of the tension loads on the bar indicate that
it should be curved. Therefore, the only anomalous condi-
tion was the pecled paint, probably caused by poor surface
preparation.
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Fig. 3-3 Overstretched Spring on Final Tension Bar
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Fig. 3-5 Hinge Spring Anomaly
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3.2.4 Active Solar Cell Examination

In the postflight examination of the SAFE, the active solar
cells were inspected to determine if any damage had resulted
from the flight activities. This inspection is particularly diffi-
cult because access to the panels is restricted and lighting con-
ditions are hard to control when the panels are suspended
from the deployment test fixture. These conditions make it
difficult to distinguish between hairline cracks in the cell
cover slides and actual damage to a cell. Therefore, the
postflight inspection was performed by the same individual
who performed all of the preflight inspections.

The inspection revealed that no cell damage occurred
from the flight activities. These activities include the expo-
sure to ascent vibration and acoustic environments, the mul-
tiple extensions and retractions of the array, the on-orbit
thermal cycling, the stowage and preloading of the panels
for landing, and the landing environments. Consistent with
the inspection results, the postflight flash tests provided
additional evidence that no cell damage occurred during
flight. The postflight flash test results are discussed in Sec-
tion 2.4.6. These tests showed that the active solar cells pro-
duced essentially :he same power after the flight as they did

Fig. 3-6 Wrinkled Flut Conductor Cable before the flight.
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RESULTS AND CONCLUSIONS

The SAFE mission had three primary objectives: .

a. To demonstrate the deployment, retraction, and restowage
of the array

b. To measure the dynamic behavior of a large, flexible space
structurg

¢. To measure the on-orbit electrical and thermal perfor-
mance of the array
Each of these objectives was accomplished. The results

of the tlight data analysis are summarized in the following

cections, according to the mission objective to which they

) —— .
pertain.

4.1 DEPLOYMENT, RETRACTION, AND RESTOWAGE

During three days of on-orbit testing, the SAFE wing was
successfully extended to the 70-percent position and
retracted four times. On two occasions while at the
70-percent position, it was extended to the 100-percent posi-
tion and then retracted. On all but the final retraction, the
mast motion was manually stopped just short of the point
where a significant preload was applied to the panels. On
the final retraction, the mast motion was allowed to con-
tinue until the pancls were properly preloaded to survive the
landing ¢nvironments.

‘The time required for the mast to extend and retract the
array was well within the operational requirements. The
extension and retraction rate was somewhat higher than
observed in ground test since the voltage supplied by the
arbiter was nearly 31 volis, while ground tests were per-
formed at the nominal 28 volts. Interestingly, the extension
and retraction rate increased throughout the flight as if the
drive system were “‘wearing in.”’

Current drawn by the motors was also nominal during the
extension and retraction operations. Small vaniations from
the current measured during cxtension and retraction in

1 <found test can be evplained by the voltage variation noted in

the previous paragiaph and by limitations of the ground sup-
port structure. During stowage of the array, when current

[l

draw is the highest, the flight current usage closely matched
that measured in ground test.

On the first extension from the stowed position to the
70-ercent position and during the first extension from the
70-percent position to the 100-percent position, some sticking
cccurred between adjacent panels. The sticking caused the
panels to unfold non-uniformly on these occasions. In all
other cxtension and retraction operations, the pancls folded
and unfolded in a uniform, accordion-like fashion. The panel
sticking behavior had bcen previously observed in ground
te~ting and was caused by trace amounts of stray adhesive
uscd in construction of the blanket. Only when the pancls are
preloaded in the container is there enough pressure on them
to cause the adhesive to stick adjacent panels together.

During the retraction events, an oscillation in the panels
was observed during the last 15 to 20 feet of retraction. The
oscillation appeared to be excitation of a local accordion
mode with adjacent panels nearly slapping one another at the
peak of the excitarion. The panel oscillation was caused by a
resonance between the rotational frequency of the rotating
nut and frequency of the cantilevered mast modes during the
last part of the retraction cvent. The resonant frequency,
approximately 0.7 hertz, was apparent from the video tape
and accelerometer data.

In all of the extension and retraction events, the micro-
switches that automatically stop the mast performed prop-
erly. On the final restowage of the array, the limit switches on
the locking levers and the positive mast lock also performed
properly. On no occasion was there any anomaly in the exten-
sion, retraction, or restowage performance that required
manual intervention. _

Upon return to Earth, the solar array panels were found to
be neatly stowed in the containment box with the proper pre-
load applicd. One of the panel guide wires was protruding
through its attachment hole, as had been the condition in pre-
vious ground tests. At the start of wing extension in the
ground test fixture, the tension from the negator assembly
properly positioned the wire. .
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~lose inspection of the extended wing assembly showed it
to be in remarkably good condition. Only four significant
anomalies in the experiment condition were detected. These
consisted of score marks on the jostle plates of the preload
mechanism, an overstretched spring on the final tension dis-
tribution bar, a tape bond failure at two hinge spring loca-
tions, and a small amount of contamination visible on the
photogrammietric targets of the outermost pancls.

The score marks on the jostle plates were probably caused
by rubbing of the locking lever assemblies on the jostle plates
as the experiment was retracted with a small amount of twist
present. The purpose of the jostle plates is to guide the lock-
ing lever assemblics into position, and it appears that they
effectively performed this task.

The overstretched spring on the final tension bar was one
of many that distribute the tension load from the tension bar
into the blanket. Because there are many of these springs and
only one was overstretched, operation was not compromised.

Damage to the spring was probably caused by its snagging
on nearby hardware. While no specific snag point ¢ould be
identified, the tension bar and springs are required to rest
compactly beside the panels within the container. Therefore,
snagging on adjacent hardware during exit from or entrance
to the container is a likely cause of the damage.

The tape bond failures at the two hinge spring locations
_ ¢ probably caused by inadequate surface preparation. In
one case, the leaf spring halves functioned properly even
without the discipline provided by the tape. In the other case,
the leaf spring halves flipped by each other causing a loss of
spring torque at that location. No panel folding problems
resulted since the remaining springs at the panel hinge line
provided necessary tolding torque.

The contamination discovered on the outermost photo-

grammetric targets was determined to be BRAYCO grease

which had been applied in excess to the axles of the rollers on
the longeron pivot fittings. The black color of the grease came
from particles of hard annodizing from the pivot fitting
rollers and the interior surfaces of the rotating nut.

4.2 DYNAMIC BFEHAVIOR

The dynamic beliavior of the SAFE was tested on 14 occa-
sions during which the structure responded 1o planned firings
of the orbiter VRCS thrusters. Twelve of these tests were per-
fornied with the wing extended to the 70-percent position,
and two were performed with it extended 1o the 100-percent
position. Each dynamic test was preceded by a quiescent
period during which crew and orbiter activities were restricted
so that the initial displacement and velocity of the experi-
r e would be near sero. The thruster firings were folowed
« _+~second quicscent period so that data could be taken on a
freely responding structure. During the davtime tests, the
experiment motion was recorded by the photogrammetry data
system; during the nighttime tests, datawas recorded with the

Solar Array Flaont B xperiment

DAE. Accelerations of the mast tip were recorded during all
tests by accelerometers mounted on the containment box
cover. Mast-tip motion during the first daylight test at
70-percent extension and at 100-percent extension was moni-
tored by the crew in real time with a 35-mm Nikon camera
with a 500-mm lens. Photographs taken at regular intervals
with this camera recorded the motion.

Characteristic frequencies and mode shapes of the
deployed wing assembly were obtained from an evaluation of
the photogrammetry data by LaRC. This information was
supplemented with frequency estimates obtained from PSDs
of the accelerometer traces prrcessed by MSFC. In both
cases, the correlation is excellent between the flight frequency
measurements and those predicted in preflight analysis. The
mode shape information from LaRC also correlates closely
with analytical predictions. The correlation is particularly
good at the 70-percent-extended position where frequencies
of the first six elastic modes match closely. At 100-percent
extension, the predicted frequency for the first out-of-plane
bending mode is about ten percent lower than measured.
Parametric studies with the analytical model show that the
frequency shift cannot be attributed to variations in blanket
tension or mast-base compliance. Only when the mast bend-
ing stiffness was adjusted could a ten percent frequency shift
be achieved. Although variation in mast stiffness may not be
the physical cause of the frequency shift, mast stiffness was
the analytical parameter that was varied to more closely
match the experiment dynamics in subsequent analyses to
evaluate the structural damping.

Estimates for structural damping were obtained by adjust-
ing damping values for each of the modes in the structural
model until a best match was obtained between the predicted
mast-tip accelerations and those obtained from the acceler-
omcters mounted on the containment boy cover. This tech-
nique is possible because only several modes actively partici-
pate in the experiment response to the disturbances caused by
the thruster firings. The accelerometer data 1s believed to be
of good quality because the displacement-versus-time data
acquired by a double integration of the signal agrees closely
with similar data obtained by scaling the mast-tip motion
from the photographs taken at regular intervals with the
Nikon camera.

The portion of the response that includes the period of
thruster firings and shortly thereafter was chosen for damp-
ing cvaluation. This is the period of maximum structural
displacement and maximum loads within the ¢xperiment.
Damping ¢valuations performed later in the free response
period, when displacemients are smalfer, might be expected 1o
result in smaller damping estimates. Estimates for damping
values are limited to the fundamental modes of the experi-
ment because the participation in the response by higher order
modes was negligible; it was impossible to distinguish
between a response in these modes and the initial noise level
conditions that exist even after a period of quieseence.
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Mast-tip motion during most dynamics tests was less than
computed in preflight analyses. This difference occurnied
because the preflight analyses were directed toward produc-
ing conservative load estimates for the mast longerons.
Therefore, only 0.5-percent model damping was used in the
analyses. Damping values considerably higher than this were
measured in flight. The measured values at the 70-percent-
extended position are approximately five percent for the out-
of-plane bending mode and ten percent for the in-plane bend-
ing mode. Slightly higher damping values were measured
during the nighttime tests than during the daytime tests. The
measured values at the 100-percent- extended position are two
percent for the out-of-planc bending mode and four percent
for the in-plane bending mode. Only daylight tests were per-
formed at this extended position.

The difference between the damping values at 70-percent
and 100-percent extension is not understood, but the data for
70 percent are probably more accurate due to the larger num-
ber of tests performed at this position. The higher damping
for the in-plane bending mode than for the out-of-plane
bending mode is believed to be caused by energy losscs in the
tension-wire negators. These devices are much more active
during experiment in-plane motion than during out-of-plane
mction. Component tests on the devices have shown that a
hysteresis loop in the mechanism could casily have produced
the higher damping values measured for the in-plane mode.

4.3 ON-ORBIT THERMAL AND ELECTRICAL
PERFORMANCE

The performance of the active solar cells on the SAFE was
measured on (wo occasions while on orbit. During these mea-
surements, the orbiter attitude was controlled so that the
plane of the blanket was nominally perpendicular to the solar
vector. Only in the first performance test was the attitude
maintained for a period that allowed the active cells to reach

ORIGINAL PAGE 1

OF POO

thermal equilibrium. The perpendicularity of the blunket to
the solar vector was less than perfect during the solar cell per-
formance tests due 1o a 7.8-degree twist in the mast assembly.
Additionally, the blanket assumed a curvature about the
extension mast during these tests with the edges of the blanket
approximately ten inches nearer the crew cabin than the blan-
ket center. These deformations reduced the solar-cell power
output by less than one percent.

Before tlight, the power output of the active solar cells was
periodically measured by performing a flash test on the pancl.
Since the circuits in the DAS box that measure the solar cell
performance in flight cannot be synchronized with the high
speed flash, current and voltage measurements in the flash
tests were taken directly from the separation connector at the
base of the flat conductor cables. Due to the size of the panel
and the limitations of the facilities, the flash tests were neces-
sarily performed with the blanket installed in the horizontal
deployment fixture. In addition, a visual inspection of the
cells was performed with cach flash test to record any cell
damage due to ground handling. Following the flight, the
flash tests and cell inspections were repeated.

The conclusion from comparing the preflight, flight, and
postflight solar-cell electrical performance is that the flight
cnvironments did not degrade solar cell performance. While
the preflight cell inspections regularly revealed cracks in the
cell cover slides due to ground handling activities, the
postflight inspection revealed no incremental damage over the
last preflight inspection. This result means that the solar ¢cell/
panel assembly survived transportation to Kennedy Space
Center, cight months of preloaded storage before flight, the
ascent accoustic and vibration environments, the on-orbit
environments (extensions, retractions, dynamics tests, ther-
mal cycling, and restowage), the landing vibration environ-
ments, and transportation back to I.MSC without perfor-
mance degradation. This achievement demonstrates the
readiness of large-area, lightweight, solar array technology.
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